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ABSTRACT OF THE DISSERTATION
Anodic Electrochemistry: Controlling the Reactivity of Radical Cation Intermediates
by
Robert John Perkins
Doctor of Philosophy in Chemistry
Washington University in St. Louis, 2016
Professor Kevin Moeller, Chair
Radical cations are highly reactive intermediates which when formed can lead to a variety of
interesting and efficient synthetic transformation. Electrochemical oxidations may be used to
generate radical cations from electron rich, nucleophilic functional groups, triggering
intramolecular cyclization reactions. These intramolecular anodic olefin coupling reactions are a
powerful synthetic tool for coupling electron-rich olefins with a second nucleophile to form
complex ring systems. However, they do not all work well. The main focus of this dissertation
research is to diagnose the main causes of failed anodic olefin coupling reactions, devise new
methods to overcome or circumvent these causes, and then demonstrate how these new methods
may be applied to the synthesis of natural product ring systems.
First, a failed cyclization between an enol ether and an allylsilane to form a six-membered
ring and a quaternary center was studied. The slow nature of this cyclization led to elimination
of a proton next to the radical cation as well as general decomposition and polymerization. With
these side reactions competing with the desired cyclization, we hoped to find a way to stop or
slow down these pathways relative to the cyclization. We have demonstrated that one solution to
this problem is using an enol ether with an alcohol tethered 2 carbons away as an initiating group
that quickly traps the radical cation formed from the anodic oxidation. At low temperatures, the
formed ketal stays cyclized and the radical intermediate allows for a cyclization to occur with
minimal cationic side reactions.
ix

Second, this same “tethered alcohol enol ether” methodology was applied to another difficult
cyclization, involving the formation of a 7-membered ring between a furan and an enol ether to
form a 5-7-5 tricyclic ring system. This cyclization also suffered from elimination and
polymerization side reactions outcompeting the cyclization. A new efficient route to these
tethered alcohol enol ether substrates using a “Michael-like” addition of a Grignard reagent to a
ketal protected enone was developed in order to have ample substrate to study this quite
complicated electrolysis reaction. With the tethered alcohol enol ether substrate, a small amount
what appears to be cyclized product is present. However the major reaction pathway from this
electrolysis is hydrogen atom abstraction by the ketal radical intermediate, followed by oxidation
of the furan ring. In this case, the unwanted elimination reaction is avoided, but this new
problem is introduced. It is likely that this particular reaction requires some conformational
constraint to accelerate the cyclization reaction of the less reactive radical intermediate.
Third, a series of oxidative cyclizations in which carboxylic acids trapped radical cations
were investigated to make lactones. It was discovered that these cyclizations typically proceed
quite well, with little to no competition from Kolbe-like decarboxylation reactions. In the cases
of styrene radical cations, however, yields of these oxidative cyclizations were governed by the
rate of the second oxidation of the molecules, with ortho- and para-substitutents on the styrene
aromatic ring increasing the rate of the second oxidation and giving better cyclization yields than
for the meta-substituted or unsubstituted cases.
Finally, we have been working to demonstrate the viability of lignin solvolysis-derived
monomers as a source of synthetic building blocks. Following the clean extraction of aromatic
lignin monomers from raw sawdust, both classical and electrochemical methods were applied

x

towards the construction of a variety of privileged natural product ring scaffolds, including
electron-rich isoquinoline alkaloids, benzodiazepenes, anthraquinones, and indenones.

xi

Chapter 1: Introduction
1.1 Basic Concepts in Organic Electrochemistry
Organic electrochemistry is a valuable tool in organic chemistry, allowing reagent-free access
to highly reactive intermediates under mild reaction conditions.1 Specifically, electrochemistry is
a very effective method for performing the oxidation and reduction reactions that are central to
organic synthesis.
The work discussed in this text primarily considers electrochemical, anodic oxidations of
organic molecules to trigger intramolecular cyclization reactions. Performing electrochemical
oxidations has several advantages over using traditional chemical oxidants. Firstly, an
electrochemical oxidation replaces these potentially toxic chemical oxidants and their reduction
waste products, with the only “reagent” being electrons and with the reduction byproduct being
channeled to either innocuous production of hydrogen gas or any other productive
electrochemical reduction reaction. Secondly, electrochemistry allows precise control of
oxidation rate and access to a range of oxidation potentials that cannot be achieved with a single
chemical oxidant.
1.1.1. Basics of an Electrochemical Reaction
Any electrochemical reaction involves the net transfer of electrons through a reaction medium
from a working electrode to a counter electrode. This electron transfer is accomplished by
means of two “half-reactions”, an oxidation (loss of electrons) of some species in solution occurs
at the anode, while a reduction (gain of electrons) of some species in solution occurs at the
cathode.

1

For the reactions discussed in this text, an electron-rich organic substrate is oxidized at an
anode. Upon oxidation, a neutral organic species will produce a highly reactive radical cation
intermediate (Figure 1-1). The radical cation goes on to generate the product and acid. In almost
all cases discussed in this text, the complementary reduction for this oxidation is that of methanol
solvent at the cathode to produce methoxide and hydrogen gas. This cathodic reduction both
produces the base necessary to neutralize the acid generated from the anodic oxidation reaction
while also producing hydrogen gas as an environmentally benign byproduct.
Figure 1-1. Electrolysis Schematic.

While the cathodically produced methoxide eventually neutralizes any acid product from the
anodic oxidation, it does not do so immediately, as the acid and base are produced some distance
apart from one another. With many anodic oxidation substrates being acid sensitive electron-rich
compounds, neutralizing the anodically produced acid quickly is often important. Therefore, a
base is added to the electrolysis conditions such that the solution remains basic to protect acid
sensitive substrates or products. Common bases employed are potassium carbonate, 2,6-lutidine,
and lithium methoxide. Since the reaction is net neutral, the pH of the reaction remains constant
at whatever pH value was set prior to the electrolysis.
2

The other common additive to an electrolysis reaction is a supporting electrolyte. These
electrolytes are typically salts that provide counter ions for the charged intermediates produced
during the oxidation and reduction half reactions that occur at the electrodes. Without the
electrolyte, charge builds up at the electrode surfaces and it becomes harder to transfer more
electrons to and from the solution. So the inclusion of the electrolyte allows for a conductive
solution where the overall resistance of the electrochemical cell is low enough to pass current.2
Common supporting electrolytes include lithium perchlorate and tetraethyl ammonium tosylate.
1.1.2. Constant Potential versus Constant Current Electrolysis
In running an electrolysis reaction, there are two basic approaches: constant potential
electrolysis and constant current electrolysis.
In a constant potential electrolysis, a three electrode configuration is employed, consisting of
a working electrode, reference electrode, and counter electrode (Figure 1-2). In this setup, the
potential drop between the working electrode and reference electrode (Vworking) is maintained
throughout the course of the reaction via an external potentiostat.2 While this method benefits
from exact potential control and therefore high selectivity for the substrate, it does suffer from
several drawbacks. First, the redox potential of the desired substrate needs to be known and the
potential adjusted to match for each different substrate used in different reactions. Second, the
resistance of the electrochemical cell under constant potential conditions rises over the course of
the reaction as substrate is consumed, making driving the reaction to completion difficult.

3

Figure 1-2. Constant Potential Electrolysis.

An alternative to constant potential electrolysis that circumvents some of these problems is a
constant current electrolysis. In a constant current electrolysis, a simpler two electrode setup is
used with only a working electrode and counter electrode (Figure 1-3). A constant current is
passed through the cell, and the potential at the working electrode (Vworking) is allowed to float
such that it matches the oxidation potential of the substrate in solution with the lowest oxidation
potential present. This means that virtually any substrate with any oxidation potential may be
oxidized using the same, simple constant current electrolysis setup. This potential remains
constant throughout a majority of the reaction. As substrate is consumed, the potential does begin
to rise and exact potential control may be lost. However, at low enough current densities where
the demand for substrate at the electrode surface is sufficiently low, this rise in potential only
begins to occur when the substrate is almost entirely consumed and the effect of this potential
rise on the reaction success is negligible. (Figure 1-4).

4

Figure 1-3. Constant Current Electrolysis.

Figure 1-4. Constant Current Electrolysis Potential Control with Varying Current Density.

It should be noted that, while a commercial galvanostat is often used to run constant current
electrolysis reactions, the simplicity of a constant current setup allows for other sources of
current to be used. For example a simple 6V lantern battery3 as well as photovoltaic cells4 have
been demonstrated as other potential current sources for electrolysis reactions, with minimal to
no effect on the outcome of the reaction.
Due to the ease with which constant current electrolysis reactions may be run and the other
advantages mentioned, all electrolysis reactions discussed in this text are performed under
constant current conditions. These reactions use the same basic setup to oxidize substrates with a

5

variety of oxidations potentials, yet all use the same basic setup, demonstrating the versatility of
constant current electrolysis reactions.
1.1.3. Divided versus Undivided Cells
Preparative scale electrolysis reactions may be carried out using two basic types of reaction
vessels: undivided cells and divided cells. With the simpler of the two, an undivided cell, the
anode and cathode are present together in a single solution, such that the full contents of the
electrolysis solution are available to both electrodes. An undivided cell setup can be achieved
simply by inserting the two electrodes into a multi-neck flask.
While undivided cells are employed for a large majority of reactions performed in our lab,
there are cases where the oxidation and reduction reactions are incompatible with each other and
need to be separated. In this case, a divided cell is used. In a divided cell, the anodic and
cathodic chambers are separated by a semipermeable membrane or glass frit that prevents the
migration of products and reactants between chambers. Drawbacks to divided cells include
acid/base buildup in anodic/cathodic chambers which could destroy sensitive substrates or
products as well as generally higher cell resistances which can hinder the ability to pass
reasonable current through the cell. Due to these problems along with divided cells being more
specialized and expensive, we prefer to use undivided cells for routine electrolysis reactions.
Divided cells are used when necessary when problems are encountered with the undivided cell.
1.1.4. The Electrochemical Double Layer
Because the electrodes of an electrolysis reaction are charged, the electrode surface and the
area immediately surrounding it can be dramatically different than that of the bulk solution. The
main contributor to this difference is the formation of a double layer by the electrode interface
6

between the electrode surface and bulk solution. When a voltage is applied across the cell, the
anode becomes positively charged. This charge attracts negative charges in solution closely to
the electrode surface. These negative charges in turn attract positive charges in solution. This
layering of charges continues, however the effect drops off quickly with distance, with charges
near the electrode surface being highly ordered and those farther away becoming dispersed and
quickly becoming consistent with bulk solution (Figure 1-5).
Figure 1-5. Electrochemical Double Layer

The nature of the electrochemical double layer deserves consideration in determining
electrolysis reaction conditions. For an anodic oxidation to occur as planned, the oxidation
substrate must be able to make its way near the electrode surface. However, since the solubility
properties of the substrate in the double layer may be drastically different than in bulk solution, it
may be difficult for the substrate to actually reach the electrode surface to be oxidized. For
example, the hydrophobic or hydrophilic nature of the supporting electrolyte from which most of
the charges of the double layer originate can greatly effect whether a more or less polar substrate
can make it to the electrode surface in a significant amount compared to solvent.5 In a similar
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fashion, solvent can be excluded from the double layer. This can be advantageous with respect
to favoring intramolecular reactions at an electrode surface over solvent trapping.

1.2 Intramolecular Anodic Olefin Coupling Reactions
The main focus of this text is the development of new intramolecular anodic olefin coupling
reactions. In these reactions, a substrate is oxidized at the surface of anode to generate a reactive
intermediate from an electron-rich function group, often an electron-rich olefin or aryl ring,
followed by intramolecular coupling reaction with another nucleophilic group. Thus, these
reactions are umpolung reactions, where the polarity of one nucleophile is reversed such that two
nucleophiles in a molecule may be coupled (Scheme 1-1). These reactions have proven to be an
effective method from construction a variety of complex carbocyclic and heterocyclic ring
systems.6
Scheme 1-1. Electrochemical Umpolong Reaction.

A general mechanism of an anodic olefin coupling reaction is shown in Scheme 1-2. In this
proposed mechanism, initial oxidation of an electron-rich olefin (or aromatic ring) produces a
highly reactive radical cation intermediate. The electrophilic radical cation is then trapped
intramolecularly by another nucleophile, which may be a heteroatom or another electron-rich
olefin or aromatic ring. A second oxidation followed by solvent trapping of the resulting cation
gives a final cyclized, neutral product. This mechanism overlooks many of the subtleties of
these radical cation reactions, such as exact intermediates and timing of steps, however this
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mechanism can still provide a general starting point from which to understand these reactions
and where problematic steps may be for a reaction that proceeds poorly.
Scheme 1-2. General Anodic Olefin Coupling Reaction Mechanism.

Anodic olefin coupling reactions can be used to generate new rings while increasing or
maintaining functionality associated with the substrate in a net oxidative cyclization. These
functional handles can be used in further synthetic manipulations. One major goal of developing
this reaction methodology is to apply it to total synthesis efforts. Several examples of using this
methodology in the total synthesis of natural products with a range of functional groups are
illustrated in Scheme 1-3. In the first reaction shown, anodic oxidation of 1.1 led to the coupling
of an enol ether and alcohol to form cyclic ether 1.2, which was subsequently converted to the
natural product linalool oxide 1.3.7 In the second reaction, 1.4 was oxidized to couple an alcohol
and dithioketene acetal to give cyclic ether 1.5, which was then converted to the natural product
(+)-nemorensic acid 1.6.8 In the third reaction shown, 1.7 is oxidized to couple a furan and an
enol ether to make the core ring structure of natural product (-)-alliacol A, 1.10.9 The final
reaction shown was performed by Trauner et al., coupling a furan and enol ether to form the core
ring system of natural product (-)-guanacastapene E, 1.13.10 These examples are just a sample of
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the oxidative anodic cyclizations reactions that may be performed with a wide variety of
functional groups and forming a range of ring systems.
Scheme 1-3. Anodic Olefin Coupling Reactions in Total Synthesis.

While the above cases proved the utility of anodic olefin coupling reactions with high
yielding cyclizations, not all anodic olefin couplings work as planned. Looking back at Scheme
1-2, there are a number of steps in the general mechanism of these reactions with highly reactive
intermediates where the desired pathway towards cyclized product may not be the dominant
pathway. Controlling the pathway through which these radical-cations and other electrolysis
intermediates proceed is crucial to their success. The main focus of this text is to diagnose the
problematic steps of failed anodic olefin coupling reactions and to solve or circumvent these

10

problems by better understanding and controlling the reactive intermediates involved. Such
understanding of these reactions is crucial to the generalization of these reactions to difficult but
desirable anodic cyclizations and for the pioneering of entirely new transformations.
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Chapter 2: Controlling the Course of a
Radical Cation-Derived Reaction with the
Use of a Second Nucleophile
One of our group’s major efforts is to advance anodic oxidative cyclizations as a synthetic
tool by learning to control the reactive radical cation intermediates generated at the anode
surface. As one can imagine, not all anodic oxidative cyclizations work well. Radical cations are
very reactive intermediates. If a cyclization reaction fails to occur quickly, then the radical cation
will trigger unwanted side reactions. By working to better understand how these reactive radical
cations behave, we are learning to control their reactivity and in so doing channel their reactions
toward desired pathways.
To illustrate this challenge, some failed anodic cyclization reactions are shown in Scheme 21. In the first case shown (case a), an enol ether and an allylsilane were challenged to
simultaneously form both a quaternary carbon and a six-membered ring.1 The cyclization failed
with the reaction leading to the formation of an elimination product along with polymer and
other decomposition products. The directly analogous oxidative cyclization that used an enol
ether trapping group for the radical cation proceeded nicely. This result was used to conclude
that enol ethers trapped radical cations more efficiently than allylsilane groups, and that
allylsilane trapping groups needed to be avoided for challenging cyclization reactions.

In the

second example (case b), a coupling reaction between an enol ether and a furan ring to form a
seven-membered ring was attempted.2 Once again, the cyclization reaction proved to be too
slow, and the reaction again led to competing reactions including an elimination reaction that
was analogous to the one observed for the first reaction. For comparison, a faster six-membered
ring cyclization led to the desired tricyclic product in high yield.2 Finally, a third case (case c)
12

was studied by the Wright and co-workers, also demonstrating a failed coupling reaction
between an enol ether and a furan ring to form a seven-membered ring.3 In this case, no
cyclization occurred and only polymerization was reported.
Scheme 2-1. Failed Anodic Cyclization Reactions.

The first case in Scheme 2-1 was the first reaction for which our group encountered a slow
cyclization leading to elimination products, and will be the first case discussed in depth in this
thesis. However, the background behind the two cases of seven-membered ring formation with
an enol ether and furan deserves further mention here. Cyclizations such as these would be
valuable in the construction of 5-7-5 tricyclic rings systems that make up the core of many
natural products. Two such examples are shown in Figure 2-1. Tricholomalide A is an inducer
of nerve growth factor (NGF) expression, a class of molecules with potential for treatment of
neuro-degenerative disorders.4 Artemisolide is a potential antimalarial agent5,6, and has been a
target of interest for our group for several years.2
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Figure 2-1. Polycyclic natural products with a 5-7-5 furan-based cyclic framework.

Clearly, being able to quickly construct ring systems of this type would have application
toward a variety synthetic efforts and justifies attempts to “fix” these failed cyclizations. Several
ways of circumventing the problems with these failed cylizations are shown in Scheme 2-2. In
the first example shown, a 7-membered ring cyclization between a furan and enol ether was
achieved when the enol ether was not part of a 5-membered ring.7 The fact that the case with the
5-membered ring fails suggests that the extra ring is a major part of the problem, perhaps
constraining the conformation of the molecule to favor elimination.
In the second example, Wright and co-workers showed that the addition of a methyl group to
make a quaternary carbon next to the enol ether led to 70% yield of cyclized product.3 The
Wright group suggested that the introduction of this methyl group accelerated the rate of the
cyclization via a “gem-dialkyl effect.” Such effects do greatly accelerate cyclization reactions,
though we believe that in the present case the presence of the methyl group might also aid the
reaction by excluding the possibility for elimination reactions like those observed in the parent
cases (Scheme 2-1).
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Scheme 2-2. “Work-around” methods for furan/enol ether 7-membered ring formation.

While these “work-around” methods for making the 7-membered rings do work, from a
synthetic standpoint they are not satisfactory. If a particular target is to be synthesized using an
oxidative cyclization, compromises cannot be made on the electrolysis substrates just to make
the cyclization work, as the product will not have the correct functionality. Using an acyclic
starting material like that in the first case in Scheme 2-2 does not provide the 5-7-5 tricyclic
structure that is needed for natural products like those shown in Figure 2-1. One cannot simply
remove the second five-membered ring in order to make the cyclization work. Likewise,
introduction of a methyl group next to the enol ether such as in the second example in Scheme 22 cannot be done if the synthetic target does not have a methyl group in that position, as is the
case with our target of interest, artemisolide (Figure 2-1).
A ring expansion sequence was performed as one final potential route to the desired ring
systems (Scheme 2-3).2 This route circumvents the failed 7-membered ring cyclization by using
succesful 6-membered ring cyclization and expanding the newly formed ring. However, this
sequence not only led to lack of selectivity in regiochemistry of the final product, but also is
simply not satisfying from the perspective of developing electrochemical cyclizations as efficient
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synthetic methods. The ideal solution would be fix the reaction we want rather than develop a
multistep way of fixing a reaction that we can do but generates the wrong product. But how does
one fix an oxidative cyclization reaction that is too slow and thus generates alternative sideproducts?
Scheme 2-3. Ring expansion route to 7-membered ring.

The above-described arguments call for an alternative strategy that will allow for oxidative
cyclization reactions to be accomplished even when they involve slower ring formation. To do so
requires that one slows down the competitive reactions while pushing the intermediate toward
the desired cyclization.
While one can think of a number of possible answers to this question, all of them will require
us to slow down the competitive side-reactions so that the reactive intermediate can be pushed
down the desired cyclization pathway. To do so, it is important to understand that two of the
major decomposition pathways for a radical cation are the elimination of a neighboring proton
and solvent trapping with methanol. Both of these pathways take advantage of the cationic
character of the radical cation.
One way to slow down these two side-pathways would be to use a new enol ether substrate
that possesses a second intramolecular nucleophile that would in turn quickly trap the radical
cation, remove its cationic character and preserve its radical nature so that desired cyclization
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was still possible. The development of this approach will be discussed in this chapter in the
context of the first case (equation a) in Scheme 2-1. The second case (equation b) will be
discussed in Chapter 3.

2.1 Approaching the Problem: Tethering a Second
Nucleophile
Scheme 2-4 illustrates a potential solution to the first problematic cyclization shown in
Scheme 2-1. In this oxidative cyclization, the substrate would possess an alcohol as the second
nucleophile. The radical cation would initially be trapped by this alcohol nucleophile to make a
five-membered ring acetal. The five-membered ring cyclization between an enol ether radical
cation and an alcohol trapping group is known to be very fast,7-10 a situation that should reduce
the chance for competing elimination or solvent trapping reactions. The result of the initial
cyclization would be the formation of a radical intermediate that could then go on to complete
the desired cyclization. Removal of a second electron from the intermediate and elimination of
the silyl group would then give the final product.
Initial studies to establish the feasibility of this plan were conducted by Dr. Alison Redden
and are described in section 2.1.1. These studies involved the synthesis of the substrates as well
as studies to insure that modifying enol ether substrates in this way had no unforeseen negative
effects on the electrolysis reaction.
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Scheme 2-4. A plan for avoiding elimination reactions.

2.1.1. Synthesizing Tethered-Alcohol Enol Ethers
The initial plan for synthesizing these proposed tethered-alcohol enol ether electrolysis
substrates took advantage of chemistry developed by Merlic and coworkers for converting vinyl
boranes to enol ethers.11 This synthetic plan is illustrated in Scheme 2-5. The vinyl borane (2.2)
is made via hydroboration of an alkyne (2.1). After installing the desired allylsilane nucleophile
at the other end of the molecule, the Merlic group’s copper coupling chemistry was used to make
the tethered-alcohol enol ether (2.4). The initial conditions attempted for the coupling reaction
employed Cu(OAc)2 along with triethylamine to make an enol ether derivative from a
vinylborane and ethylene glycol. The reaction met with failure and none of the desired product
was obtained. Instead, only recovered starting material was isolated. Ultimately, it was found
using TMS-propyne as a ligand12 for the copper and 2,3-butanediol as a bulkier diol to aid in
reductive elimination to the final product12,13 led to good, repeatable yields of tethered-alcohol
enol ether product. More details about the development of this coupling reaction can be found in
Dr. Redden’s thesis.
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Scheme 2-5. Copper coupling for the synthesis of tethered alcohol enol ethers.

2.1.2. Tethered Alcohol Enol Ethers in Simple Anodic Oxidations.
Once a general strategy for substrate synthesis was in hand, a series of tethered alcohol enol
ether substrates were synthesized and electrochemically oxidized to ensure that these new enol
ether substrates were compatible with the simple electrolysis reactions. The scope of these
reactions is shown in Scheme 2-6.12
In the first reaction (eq.1), substrate 2.4 was electrochemically oxidized. This reaction initially
led to a mixture of two main products (both a mixture of stereoisomers): the expected cyclic
acetal product 2.5 and a mixed acetal product 2.6 that was derived from 2.5. The mixed acetal
was converted back to the cyclic acetal with toluenesulfonic acid and 4Å molecular sieves to
afford an 82% isolated yield of the desired 2.5.
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Scheme 2-6. Electrolysis of tethered alcohol enol ether substrates.

In the second reaction (eq. 2), the oxidative cyclization of 2.7 led to an 85% yield of a product
2.8 having two distinct acetal groups. The acyclic acetal was then converted in 85% yield to
aldehyde 2.9 affording the new ring with the two ends of the oxidative cyclization clearly
differentiated. The reaction avoids problems that can arise from differentiating the ends of the
cyclization when two methoxy-enol ethers are used for the coupling reaction.
The third cyclization showed the compatibility of the approach with the use of a furan
coupling partner (eq. 3). As in the earlier reactions, the cyclization initially led to a mixture of
cyclic and acyclic acetal products. The use of toluenesulfonic acid and 4Å molecular sieves
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again converted the mixture to the desired cyclic acetal, while simultaneously regenerating the
aromatic furan ring to give 2.11 in 61% yield.
The final cyclizations shown (eq. 4) demonstrated that the radical cation could be trapped by
two intramolecular heteroatom nucleophiles. These reactions were successful in producing both
furan and pyran products, 2.13a and 2.13b.
2.1.3. Mechanistic Study
Clearly, inclusion of the second nucleophile did not interfere with the success of the
electrolysis in any way. But did the reaction lead to the expected five-membered ring acetal and
radical intermediate proposed in Scheme 2-2? Insight into this question was gained by
examining the intermolecular trapping reaction illustrated in Scheme 2-7. Here, an alcoholtethered enol ether with no intramolecular trapping group was electrochemically oxidized in the
presence of methanol. The oxidation led to an overall product yield of 65%. These products were
a mixture molecules that contained either a five-membered ring acetal or a mixed acetal derived
from methanol opening of the five-membered ring cyclic acetal.12
Scheme 2-7. Tethered alcohol enol ether mechanistic study product distribution.
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The formation of product 2.19 was consistent with an initial cyclization to form a fivemembered ring acetal derivative followed by hydrogen atom abstraction from solvent by the
radical left at the β-carbon of the radical cation. The reaction shown led to a competition between
hydrogen atom abstraction and the formation of product 2.19 and oxidation of the radical leading
to the formation of a cation. Formation of the cation led to products 2.17, and 2.18. Products 2.17
and 2.18 were formed by methanol trapping of the cation. Product 2.16 could be formed either
by the elimination of a proton from the carbon alpha to the cation or from the loss of H• from the
radical intermediate.
The above experiment showed that radical character does indeed exist at the carbon β to the
cyclic acetal. This provided early hope that the problematic cyclizations introduced at the
beginning of this chapter could be driven down radical cyclization pathways and cationic
decomposition pathways competing with the cyclization avoided.

2.2 Controlling the Electrolysis Pathway with the Second
Nucleophile
With confirmation that second nucleophile did not interfere with the electrolysis or
subsequent cyclization and evidence that radical pathways may be achieved using these
substrates, attention was turned back to the failed reaction in Scheme 2-1a. . The goal was to
use a modified substrate along the lines proposed in Scheme 2-2 to accomplish the desired
cyclization. It was at this point that I began work on this project.
2.2.1. Substrate synthesis
To test whether the tethered alcohol enol ether would solve the problems with the failed
reaction in Scheme 2-1a, substrate 2.24 was synthesized. Initially, the synthetic pathway shown
in Scheme 2-8 was used, with the previously successful Merlic copper coupling as the final step.
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Due to the presence of the ring, the general alkyne chemistry used in Scheme 2-3 to form the
vinyl borane could not be used. Vinyl borane 2.22 was thus synthesized via a palladium
catalyzed coupling of vinyl triflate 2.21. While the enol ether electrolysis substrate could be
obtained via this pathway, the palladium coupling proved incredibly inconsistent, with the best
yields being upwards of 74% but with an outcome of only trace product formation or complete
failure being much more common. Other catalyst, ligands, and reaction conditions were
screened with no better results. The root of this inconsistency was never identified, however
catalyst and ligand quality or trace impurities in the starting material for the coupling reaction are
all possible contributors. It does not take much of an impurity to poison a catalyst.
Scheme 2-8. Initial palladium couling-based route to enol ether 2.24.

Since the inconsistency of the above route did not allow for the synthesis of 2.24 in amounts
sufficient for studying the subsequent electrolysis, a new pathway to 2.24 shown in Scheme 2-9
was devised. This pathway avoided palladium coupling reactions all together. A Wittig reaction
was used to install a vinyl bromide, which served as handle for forming a vinyl anion with tBuLi and adding it to a pinacol-isopropoxy borolane electrophile. The Merlic copper coupling
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was again used a final step to give 2.24. This route provided consistent access to a workable
amount (hundreds of milligrams) of enol ether, although the multistep sequence was something
that we hoped to avoid in the future.
Scheme 2-9. Vinyl anion-based route to enol ether 2.24.

One major problem we encountered with substrate 2.24 and other tethered alcohol enol ethers
in general to varying degrees has been stability. Very often during workup and/or
chromatography, the enol ether undergoes an acid catalyzed cyclization to give an acetal
(Scheme 2-10). This problem was initially solved for this substrate by using several techniques.
First, copper salts were precipitated from the reaction mixture using ether and filtered. We
suspect that one or more copper species leftover from the coupling reaction may serve as a Lewis
acid to catalyze the above-mentioned decomposition. Second, not fully removing toluene during
workup keeps the reaction mixture more dilute such that the product is never concentrated down
with potentially Lewis acidic species such as still soluble copper salts. Third, the silica gel used
for chromatography was packed with 1% triethylamine to neutralize the acidity of the silica gel.
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Finally, the silica gel chromatography eluent was change from the initially used hexanes/ethyl
acetate mixture to a hexanes/ether mixtures. This was done, again, to reduce the carry-through
of any copper salts with product through the column, as evidenced by a lack of coloration in
isolated product using this mixture instead of the initial ethyl acetate mixure.
Scheme 2-10. Acid-based decomposition of enol ether 2.24.

This procedure solved the problem of decomposition and 2.24 could be synthesized and
carried on to the electrolysis reaction without worry. This procedure initially produced
consistent results, however some time later, the acid catalyzed cyclization suddenly began to be a
problem again, despite all the steps taken to prevent it. The reappearance of the degradation
coincided with the use of a new batch of silica gel being used in our lab. We suspected that trace
metal impurities in the silica gel, which could vary in amount from silica gel batch to silica gel
batch, were causing this problem. Metal impurities could catalyze the degradation of 2.24 to
2.27. Switching to a higher grade silica gel that was rated to have fewer metal impurities
completely solved this problem and was used to purify all alcohol tethered enol ethers from that
point forward.
2.2.2. Initial Electrolysis Studies
At this point in the study, the desired tethered alcohol enol ether substrate 2.24 could be
synthesized and purified easily, and electrolysis of this substrate was then carried out. Initial
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oxidation of 2.24 used the reaction conditions previously employed for the failed cyclization
attempts with the methoxy enol ether substrate (K2CO3, 0.5 M LiClO4 in 50% MeOH/THF).
These conditions produced cyclized product 2.28 in approximately 25% yield with some
impurities (Scheme 2-11). This result was encouraging because oxidation of the methoxy enol
ether substrate under the same conditions led to none of the desired product. The presence of the
second nucleophile in 2.24 did indeed push the reaction towards the desired cyclization.
Scheme 2-11. Initial electrolysis with tethered alcohol enol ether 2.24.

Despite this significant change from producing no cyclized product to a 25% yield, some
amount of elimination side product along with polymer formation and decomposition was still
observed. This suggested that while the tethering of the alcohol nucleophile decreased the
concentration of the radical cation and allowed the formation of some product, the radical cation
intermediate was still present, and the reaction still proceeded mainly down the same unwanted
cationic-type pathways observed for the reaction originating from the methoxy enol ether
substrate.
2.2.3. Optimizing the Electrolysis: Reversibility of Alcohol Trapping
The continued presence of elimination and polymerization/decomposition side reactions
suggested that the mechanistic “fix” proposed in Scheme 2-2 was not operating as optimally as
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planned. An understanding of where this plan went wrong was gained from a seemingly
unrelated set of experiments performed by Dr. John Campbell.
Consider the competition experiment highlighted in Scheme 2-12. In this experiment, an
electron-rich olefin was coupled to one of two competing nucleophiles, a sulfonamide and an
alcohol. This experiment was motivated by our desire to learn more about the mechanism of
sulfonamide cyclization reactions as well as the relative rates and energetics of such cyclizations
with different trapping groups.
Scheme 2-12. Competition Study.

Depending on the reaction conditions, the experiment favored either a sulfonamide or alcohol
based cyclization.7 Density functional theory (DFT) calculations suggested that sulfonamidebased cyclizations proceed by addition of the N-localized radical to the electron-rich double
bond. In a competitive process, an intramolecular electron-transfer reaction occurred that led to a
radical cation from the olefin and regeneration of the sulfonamide anion. Formation of a radical
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cation led to the potential for alcohol trapping and the formation of cyclic ether product.
Experimental data suggested that the alcohol trapping pathway provided the kinetic product but
that the cyclization was reversible. The alcohol trapping pathways was favored by high current
density (rapid oxidation of a second electron that prevents ring opening) and low temperatures
that hinder the reversibility of the exothermic alcohol cyclization. The sulfonamide radical
pathway afforded the thermodynamic product at lower current densities and higher temperatures,
conditions under which the alcohol trapping is reversible.
Understanding that alcohol trapping of radical cations may be reversible is vital to
understanding the behavior of the tethered alcohol enol ethers under study. If the initial alcohol
trapping of the radical cation were to fully suppress elimination and other cationic decomposition
pathways, the alcohol trapping could not be reversible. A reversible cyclization would allow the
desired cyclized radical to be in equilibrium with the initial radical cation, and thus cationic
decomposition would still possible even though the alcohol likely traps the radical cation very
quickly.
With the competition study suggesting the alcohol trapping was reversible and exothermic,
2.24 was oxidized using the same reaction conditions except at a temperature of -78⁰C (Scheme
2-13). The goal was to use the low temperature stop the initial alcohol trapping from reversing
so that no uncyclized radical cation would be present. This would suppress cationic
decomposition of the radical cation as initially planned. Under these conditions, a 65% yield of
the desired cyclic product was obtained. It should also be noted that the crude reaction mixture
following the electrolysis appeared incredibly clean compared to the mixture obtained when the
reaction was run at room temperature, with no evidence of elimination product or significant
polymerization found.
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Scheme 2-13. Optimized electrolysis with tethered alcohol enol ether at low temperature.

2.3 Conclusions
We have found that trapping both ends of an enol ether radical cation is an effective tool for
completing oxidative cyclization reactions. The chemistry expands the utility of enol ether – enol
ether coupling reactions by differentiating the ends of the cyclization, is compatible with the use
of a variety of trapping groups, and provides a method to accomplish previously unsuccessful
cyclizations. In regards to the final point, while allylsilane trapping groups are not as reactive
toward radical cation intermediates as are their enol ether counterparts, they can be used for
slower cyclizations that need to overcome substantial steric barriers if one more carefully
controls the reaction pathways available to the radical cation intermediate.
Work to establish the generality of this method by studying the failed coupling in Scheme 21b of an enol ether to furan to generate a seven-membered ring will be discussed in the following
Chapter 3.
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2.5 Experimental
Synthetic procedures and spectral data for compounds 2.1 – 2.19 as well as those for the original
pathway to 2.24 shown in Scheme 7 may be found in Dr. Alison Redden’s thesis or reference 12.

(4R,5R)-4,5-dimethyl-2-((4R,4aR,8aS)-4-vinyloctahydronaphthalen-4a(2H)-yl)-1,3dioxolane (2.27): In a flame-dried three-neck round bottom flask, the substrate was dissolved in
an anhydrous 50% MeOH/THF solution (0.025 M, 1.0 equiv.) with K2CO3 (10.0 equiv.) and
LiClO4 (0.5 M) electrolyte. The reaction flask was equipped with a reticulated vitreous carbon
anode (100 PPI) and a carbon rod cathode. The reaction was cooled to -78⁰C. A constant current
of 8.0 mA was passed through the solution. Upon completion, the solution was allowed to warm
to room temperature, diluted with ether and then washed with water and brine. The organic layer
was dried over Na2SO4, filtered, and concentrated in vacuo. The residue was chromatographed
through a silica gel column (using Sorbtech Premium Rf silica gel, slurry packed using 1%
triethylamine in hexane/ether) to give the cyclized product in 65% yield. The product was
isolated as 2 fractions (~1.5:1 ratio) with 2 disastereomers in each fraction.
Fraction 1 (Major fraction): 1H NMR (300 MHz, CDCl3) 6.01 (ddd, J=16.5, 10.4, 8.4 Hz, 1H),
5.36 (s, 0.2H), 5.34 (s, 0.8H), 4.90-4.80 (m, 2H), 2.60-3.37 (m, 2H), 2.22-1.84 (m, 2H), 1.841.13 (m, 13H), 1.29 (d, J=5.7 Hz, 3H), 1.18 (d, J=5.7 Hz, 3H), 0.91-0.69 (m, 1H) ; 13C NMR (75
MHz, CDCl3) 142.1, 141.8, 112.5, 112.1, 104.4, 104.3, 79.9, 78.9, 77.6, 75.7, 55.2, 54.5, 47.5,
47.4, 41.22, 41.16, 35.9, 35.2, 29.3, 29.2, 29.10, 29.06, 28.9, 27.0, 26.9, 26.6, 22.6, 22.4, 18.0,
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17.8, 17.1, 17.0; IR (neat, KBr) 2964, 2860, 1448, 1383, 1102 cm-1; ESI HRMS m/z (M+H)+
calcd 265.2162 , obsd 265.2165.
Fraction 2 (Minor fraction): 1H NMR (300 MHz, CDCl3) 6.22-6.03 (m, 0.2H), 5.96 (ddd, J=16.8,
10.2, 7.2 Hz, 0.8H), 5.47 (s, 0.2H), 5.46 (s, 0.8H), 4.99-4.87(m, 0.4H), 4.87-4.74 (m, 1.6H),
3.67-3.53 (m, 1H), 3.53-3.35 (m, 1H), 2.79-2.65 (m, 0.2H), 2.51-2.34 (m, 0.8H), 2.23-2.08 (m,
0.2H), 2.04-1.85 (m, 0.8H), 1.78-1.14 (m, 14H), 1.29 (d, J=6.0 Hz, 3H), 1.17 (d, J=6.0 Hz, 3H).
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C NMR (75 MHz, CDCl3) 142.4, 142.2 111.3, 104.8, 104.7, 80.1, 79.8, 76.6, 76.3, 44.8, 44.0,

41.8, 35.8, 30.2, 29.9, 28.4, 28.2, 26.2, 22.4, 22.3, 21.9, 21.8, 20.6, 17.8, 16.75, 16.72; IR (neat,
KBr) 2927, 2864, 1453, 1380, 1103 cm-1; ESI HRMS m/z (M+H)+ calcd 265.2162 , obsd
265.2165.

2-(pent-4-en-1-yl)cyclohexan-1-one (S-1): To a solution of potassium tert-butoxide (5.67 g,
50.5 mmol) in toluene (20 mL) at 0⁰C was added cyclohexanone (4.9 mL, 47 mmol) dropwise.
The reaction was stirred at 0⁰C for 1 hr. A solution of 5-bromo-1-pentene (5.0 mL, 42 mmol) in
32

toluene (6 mL) was then added over 1 hr at 0⁰C. The reaction allowed to warm to room
temperature overnight, then diluted with 1 M KHSO4 (19 mL). The organic layer was separated
and the aqueous layer extracted twice with hexanes. The combined organic washes were washed
with water and brine then dried over Na2SO4 and concentrated in vacuo. The crude product was
chromatographed on silica gel (gradient 30:1 to 10:1 hexanes:ether) to give the alkylated product
(3.44 g, 20.7 mmol) as a colorless liquid in 49% yield. 1H NMR (300 MHz, CDCl3) 5.80 (ddt,
Jd=17.1, 10.2 Hz, Jt=6.6 Hz, 1H), 5.04-4.89 (m, 2H), 2.44-2.20 (m, 3H), 2.16-1.95 (m, 4H),
1.91-1.54 (m, 4H), 1.46-1.30 (m, 3H), 1.28-1.13 (m, 1H); 13C NMR (75 MHz, CDCl3) 213.2,
138.7, 114.4, 53.6, 50.6, 42.0, 33.9, 28.9, 28.1, 26.5, 24.9; IR (neat, KBr); 2932, 2860, 2360,
2341, 1709, 1640 cm-1; ESI HRMS m/z (M+H)+ calcd 167.1429, obsd 167.1430.
(Z)-1-(bromomethylene)-2-(pent-4-en-1-yl)cyclohexane (2.26): To a solution of
(bromomethyl)triphenylphosphonium bromide (14.5 g, 33.2 mmol) in THF (80 mL) at 0⁰C was
added 1 M NaHMDS in THF (33.2 mL, 33.2 mmol) dropwise. The solution was stirred at 0⁰C
for 30 min then cooled to -78⁰C. A solution of S-1 (1.80 g, 10.8 mmol) in THF (10 mL) was
then added dropwise. The reaction was stirred at -78⁰C for 2 hrs, and then allowed to warm
slowly to room temperature overnight. The reaction was diluted with water and ether and the
organic layer separated. The aqueous layer was extracted with ether (3x), then the combined
organic layers washed with water (2x) and brine, dried over Na2SO4, and concentrated in vacuo.
The crude product was chromatographed on silica gel (100% hexanes) to give the vinyl bromide
(2.16 g, 9.0 mmol) as a colorless liquid in 82% yield. 1H NMR (300 MHz, CDCl3); 5.82 (s, 1H),
5.79 (ddt, Jd=17.7, 11.1 Hz, Jt=6.6 Hz, 1H), 5.00 (d with fine coupling, J=17.7 Hz, 1H), 4.95 (d
with fine coupling, J=11.1 Hz, 1H), 2.39-2.24 (m, 2H), 2.24-2.12 (m, 1H), 2.09-1.98 (m, 2H),
1.72-1.23 (m, 10H).
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C NMR (75 MHz, CDCl3) 147.9, 138.9, 114.7, 98.0, 44.4, 34.0, 33.3,
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31.3, 29.4, 27.3, 27.0, 23.2; IR (neat, KBr); 3075, 2926, 2856, 2360, 2341, 1640, 1626, 1458,
1446 cm-1; ESI HRMS m/z (M+H)+ calcd 242.0670, obsd 242.0675.
(Z)-4,4,5,5-tetramethyl-2-((2-(pent-4-en-1-yl)cyclohexylidene)methyl)-1,3,2-dioxaborolane
(S-2): To a solution of 2.26 (3.01 g, 12.4 mmol) in THF (32 mL) at -98⁰C was added 1.7 M tbutyllithium in pentane (14.6 mL, 24.8 mmol) dropwise. The reaction was stirred at -98⁰C for
15 min, then 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.5 mL, 17 mmol) was
added all at once. The reaction was stirred at -98⁰C for 1 hr, and then allowed to warm to room
temperature and stirred an additional 2.5 hrs. The reaction was quenched with 40 mL saturated
ammonium chloride solution followed by the addition of 20 mL of water. The solution was
further diluted with ether and the organic layer separated. The aqueous layer was extracted with
ether (3x) and the combined organic layers washed with brine, dried over Na2SO4, and
concentrated in vacuo. The crude product was chromatographed on silica gel (20:1 hexane:ethyl
acetate) to give the vinyl boronate (2.74 g, 9.44 mmol) as a pale yellow oil in 76% yield. 1H
NMR (300 MHz, CDCl3) 5.86-5.71 (m, 1H), 5.00 (s, 1H), 4.97 (d, J=18.2 Hz, 1H), 4.91 (d,
J=10.4 Hz, 1H), 2.71-2.58 (m, 1H), 2.43-2.30 (m, 1H), 2.12-1.97 (m, 2H), 1.97-1.87 (m, 1H),
1.86-1.15 (m, 10H), 1.25 (s, 12H); 13C NMR (75 MHz, CDCl3) 169.9, 139.3, 114.5, 82.7, 47.0,
34.5, 34.3, 32.2, 31.9, 29.4, 27.0, 25.0, 24.3; IR (neat, KBr) 2975, 2928, 2852, 1631, 1384, 1327,
1148, 968; ESI HRMS m/z (M+H)+ calcd 291.2495, obsd 291.2489.
Trimethyl(6-((Z)-2-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2yl)methylene)cyclohexyl)hex-2-en-1-yl)silane (2.22): A solution of S-2 (0.095 g, 0.33 mmol),
trimethylallylsilane (0.21 mL, 1.3 mmol), and dichloromethane (1.1 mL) was added to a flask
containing Grubbs 1st generation catalyst (0.013 g, 5 mol%). The reaction was refluxed for 4 hrs,
then cooled to room temperature and diluted with ether. The reaction was concentrated in vacuo
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and the crude product chromatographed on silica gel (20:1 hexane:ethyl acetate) to give the
allylsilane product (0.091 g, 0.24 mmol) as a pale yellow oil in 73% yield (mixture of cis and
trans isomers). 1H NMR (300 MHz, CDCl3) 5.43-5.29 (m, 1H), 5.28-5.14 (m, 1H), 5.00 (s, 1H),
2.71-2.59 (m, 1H), 2.42-2.29 (m, 1H), 2.14-2.00 (m, 1H), 1.95 (m, 2H), 1.82-1.35 (m, 9H), 1.341.26 (m, 3H), 1.26 (s, 12H); 13C NMR (75 MHz, CDCl3) 169.5, 169.4, 147.1, 129.4, 128.8,
125.9, 125.1, 82.3, 46.8, 46.0, 34.3, 34.1, 32.9, 32.3, 32.0, 31.9, 31.6, 30.5, 29.1 27.8, 24.8, 24.1,
22.5, -1.8, -2.0; IR (neat, KBr) 2978, 2925, 2861, 1629, 1389, 1325, 1250, 1148; ESI HRMS m/z
(M+H)+ calcd 377.3047, obsd 377.3059.
(2R,3R)-3-((1Z)-(2-(6-(trimethylsilyl)hex-4-en-1-yl)cyclohexylidene)methoxy)butan-2-ol
(2.24):
The following procedure is based on that developed by Merlic and coworkers:
Shade, R. E.; Hyde, A. M.; Olsen, J. –C.; Merlic, C. A. J. Am. Chem. Soc. 2010, 132, 1202.

To 2.22 (0.11 g, 0.30 mmol) was added triethylamine (1.2 mmol), TMS-propyne (0.17 mL, 1.1
mmol), Cu(OAc)2 (0.11 g, 0.60 mmol), and 2(R),3(R)-butanediol (0.16 mL, 1.8 mmol). The
blue reaction mixture was stirred at ambient atmosphere for 2 hrs, becoming more viscous and
greenish-yellow in color. Toluene (1.2 mL) was then added and the reaction stirred at ambient
atmosphere overnight. The solution was diluted with dichloromethane and filtered. The solvent
was removed in vacuo, and the residue was taken up in diethyl ether and filtered a second time.
After removal of the solvent, the crude material was chromatographed through a silica gel
column (slurry packed using 1% triethylamine in 5:1 hexane:ether) to give the coupled alcohol
vinyl ether (0.063 g, 0.186 mmol) as a colorless oil in 62% yield. 1H NMR (300 MHz, CDCl3)
5.78 (s, 1H), 5.43-5.30 (m, 1H), 5.28-5.15 (m, 1H), 3.72-3.61 (m, 1H), 3.48-3.36 (m, 1H), 2.52
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(s, 1H), 2.28-2.15 (m, 1H), 2.15-2.02 (m, 1H), 2.01-1.87 (m, 3H), 1.65-1.22 (m, 12H), 1.18-1.10
(m, 6H), -0.02 (s, 9H). 13C NMR (75 MHz, CDCl3) 136.4, 129.0, 127.8, 126.2, 125.5, 123.6,
123.3, 82.1, 71.23, 71.19, 39.3, 39.2, 33.2, 33.1, 31.8, 31.4, 31.3, 28.2, 28.0, 27.6, 27.4, 23.6,
23.5, 22.7, 18.6, 16.4, -1.6, -1.8; IR (neat, KBr) 3435, 2926, 2853, 1676, 1446, 1247, 1137, 851
cm-1; ESI HRMS m/z (M+H)+ calcd 339.2714, obsd 339.2714.
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Chapter 3: Expanding the Scope of Tethered
Alcohol Enol Ether Electrolysis Substrates
In Chapter 2, it was demonstrated that trapping both ends of an enol ether radical cation is an
effective tool for completing difficult oxidative cyclization reactions. Using a tethered alcohol
enol ether, cationic side pathways that competed with a slow cyclization were suppressed. This
allowed for the simultaneous formation of a six-membered ring and a quaternary center with an
allylsilane trapping group. We hoped to expand the strategy of using alcohol enol ether
substrates to other failed cyclizations to demonstrate that the overall approach was a general one.
Consider again the two failed oxidative cyclizations shown in Scheme 3-1, which were
previously discussed in Chapter 2. These cases involve the formation of a 7-membered ring
cyclization with a furan and enol ether to form a 5-7-5 tricyclic ring system. Both reactions
shown fail to produce the 7-membered rings instead leading to elimination, polymerization, and
general decomposition. “Work-arounds” for getting to these 7-membered rings were performed,
either by forming the 6-membered ring and performing a ring expansion or by introducing a
methyl group to make a quaternary carbon next to the enol ether (see Chapter 2, Scheme 2-2).
However, neither of these methods truly solves the inherent problem with the cyclization. The
ring-expansion route adds unwanted steps, negating the desired efficiency from the anodic
cyclization. “Fixing” the reaction with an extra methyl leads to a product with that extra methyl
group, a situation that does not work in the context of our target, artemisolide (Figure 3-1).
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Scheme 3-1. Revisited: Failed 7-membered ring furan-enol ether anodic couplings.

With this in mind, we focused on solving the problem of this 7-membered ring cyclization by
fixing the actual cyclization rather than looking for “work-arounds.” We hoped that the same
alcohol tethered enol ether substrates used in Chapter 2 could be generalized to other systems
such as those shown in Scheme 3-1. If this problem can be solved, then a total synthesis of
artemisolide using this methodology will be pursued.
Figure 3-1. Structure of the natural product artemisolide.

Two main goals associated with expanding the scope of our alcohol-tethered enol ether
electrolysis substrates will be discussed in this chapter. The first goal, as mentioned, is to
attempt to “fix” the failed cyclizations shown in Scheme 2-1 using this methodology using a
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tethered alcohol enol ether electrolysis substrate (Figure 3-2), with an eye towards applying the
results to the total synthesis of artemisolide. The second goal, which is critical to the success of
the first and will be discussed first below, is to develop a faster, more reliable synthetic route to
the tethered alcohol enol ether substrates.
Figure 3-2. Tethered alcohol enol ether for the formation of a 5-7-5 tricyclic ring system.

3.1 New Efficient Synthesis of Tethered Alcohol Enol Ethers
The initial synthesis of tethered alcohol enol ether 3.4 is shown in Scheme 3-2. This route
began with a Michael addition, trapping the oxygen as a silyl enol ether, followed by triflation to
give vinyl triflate 3.2. The triflate was then exchanged for a pinacol borane via a palladium
catalyzed cross-couping to give 3.3, followed by copper coupling with a diol to form the tethered
alcohol enol ether 3.4. The palladium coupling step proved problematic. Not only was this Pdbased step step low yielding giving a maximum of 31% of the vinyl borane, , but as in the
previous synthesis (Chapter 2) it also led to inconsistent yields with occasional runs leading to
the formation on no product at all. Overall, this route provided, at best, an 11% yield over 4
steps.
This low yielding, tedious, and inconsistent route to tethered alcohol enol ether substrate was
not conducive to studying the behavior 3.4 or the development of a generally useful synthetic
strategy. If the goal is to use the overall method to control the pathways available to reactive
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radical cation intermediates, then we must optimize not only the electrolysis reactions but also
the synthesis of the substrates needed for those reactions.
Scheme 3-2. Initial synthesis of tethered alcohol enol ether 3.4.

3.1.1. Literature Precedent for “Michael-like” Additions to Ketal-Protected Enones
With this in mind, attention was directed toward finding a new faster route to enol ether 3.4.
It occurred to us that a ketal-protected enone and an alkyl anion equivalent contained all the
necessary pieces to construct compound 3.4 or similar tethered alcohol enol ethers in a single
step (Scheme 3-3). We envisioned a “Michael-like” addition to the ketal, rather than the ketone,
to give the enol ether product.
Scheme 3-3. Proposed “Michael-like” addition of an alkyl anion equivalent to a ketal.
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Examining the literature provided several limited examples of such transformations.
Mioskowski and coworkers showed that simple alkyl lithium reagents in pentane can be added to
ketal-protected enones to give enol ethers (Scheme 3-4a).1 These reactions, however, were
limited in scope with respect to both nucleophiles and electrophiles utilized. Importantly, the
reaction did not proceed for substrates with endo-cyclic olefins, which is a necessary component
of our desired synthesis of compound 3.4. A more promising reaction reported by Normant and
coworkers involved the addition of dialkyl cuprates to ketals and acetals in the presence of boron
trifluoride diether etherate (BF3•Et2O) to give enol ethers (Scheme 3-4b).2 However, in this
work, however, the example that would have led to a tethered alcohol enol ether was never
isolated as such. Instead, the product was hydrolyzed to the ketone. Despite this shortcoming,
this method seemed quite promising, especially with our experience in handling and isolating
molecules that contain the tethered alcohol enol ether functional group needed (see Chapter 2,
section 2.2.1).
Scheme 3-4. Literature precedent for alkyl anion additions to ketal-protected enones.
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Unfortunately, attempts to make the alkyl lithium reagent necessary for dialkyl cuprate
formation using the furan-containing alkyl bromide failed. Neither reaction of the bromide with
metallic lithium nor lithium halogen exchange with t-BuLi produced an active alkyl lithium
species. Instead, the reactions afforded mainly decomposition products along with some
recovered starting material. It is possible that the furan ring is a problem in this case, with
deprotonation of the furan ring or electron-transfer to the ring competing with the desired alkyl
lithium formation.
While the alkyl lithium-type reagents specifically mentioned in the Normant procedure could
not be made, we did have access to the analogous Grignard reagent. It was the anion used in the
original synthesis of 3.4 (Scheme 3-2). Work by Kato and coworkers showed that Grignard
reagents in the presence of copper(I) iodide (CuI) could, in select cases, produce tethered alcohol
enol ethers (notably, in a chiral fashion). In these cases, the substrates used were activated for
the addition being mono-ketal-protected 1,4-diketones (Scheme 3-4c).3 However, the precedent
did suggest the reactions were possible, hence we sought to modify the Normant conditions by
using the Grignard reagent in place of the alkyl lithium.
3.1.2 Developing a “Michael-like” Addition of Grignards to Ketal-Protected Enones
Initial attempts along these lines involved the addition of the alkyl Grignard to the ethylene
ketal of 2-cyclopentene-1-one (3.5) in the presence of CuI and BF3•Et2O at -20⁰C to make the
tethered alcohol enol ether. Hexamethyl phosphoramide (HMPA) was also included as an
additive for this reaction to increase the reactivity of the cuprate, as the normal Michael addition
of this Grignard to enone 3.1 (Scheme 3.2) benefitted greatly from its addition. The ethylene
ketal was used as opposed to the diemthyl substituted ketal, which would lead to the previously
synthesized compound 3.4, simply due to its commercial availability. The synthesis of
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compound 3.4 required the presence of the methyl groups to facilitate the copper coupling
reaction between vinyl borate 3.3 and a diol, as the bulkier diol was thought to aid in reductive
elimination step to the final product.4,5 Because this new route did not employ this copper
coupling reaction, we saw no reason initially to incorporate the methyl groups into the final enol
ether.
The first attempt using these conditions succeeded in adding the Grignard to the ketal at the βolefinic carbon. However, rather than the tethered alcohol enol ether (3.6) following workup,
only 3.7 was obtained (Scheme 3-5a). Compound 3.7 arises from protonation of the enol ether
3.6 and cyclization to the ketal. So, the intended “Michael-like” addition reaction was
successful, but the stability of the enol ether product was a problem. While the reaction was
quenched with saturated aqueous sodium bicarbonate in an attempt to keep the reaction mixture
basic on workup, clearly this effort was not enough to stop the protonation of the enol ether.
In an attempt to keep the reaction mixture even more basic throughout workup, 2,6-lutidine
was added at the end of the reaction before quenching. This base was chosen for two reasons.
First, 2,6-lutidine is not particularly volatile, and thus remains with the crude reaction mixture
after solvent removal. Second, 2,6-lutidine is the amine base we most commonly use in the
anodic olefin coupling reactions. If the crude enol ether was taken directly to the electrolysis
without further purification or if trace amounts of base remained in the substrate after
chromatography, there would be no effect on our ability to carry out the electrolysis. When the
2,6-lutidine was added to the reaction after warming to room temperature, again only 3.7 was
observed. However when the 2,6-lutidine was added to the reaction before warming to room
temperature, we saw enol ether product 3.6 following workup. It appears that the base
neutralizes some species in solution that leads to protonation of the enol at higher temperatures
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but not at the -20⁰C at which the reaction is carried out. Unfortunately, even though the crude
tethered alcohol enol ether could survive through workup using this method, the results were not
consistent, with approximately half of the time only 3.7 being obtained as before. Clearly the
addition of the 2,6-lutidine helps in isolation of 3.6, but its addition is not enough for consistent
results.
Scheme 3-5. Evolution of Grignard addition workup.

With the inconsistent isolation of the enol ether despite the use of additional base during
workup, we began to consider whether residual copper species during solvent removal led to the
observed difficulties. With this in mind, several washes with 0.1 M ethylenediaminetetraacetic
acid (EDTA) adjusted to pH 8 with sodium hydroxide was added to the workup procedure in
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order to remove copper salts. Sure enough, the bright blue-green aqueous layers resulting from
these washes indicated that not all of the copper salts were removed from the organic layer
during previous workups. This addition to the workup routine allowed the enol ether 3.6 to be
obtained consistently.
Despite being able to obtain crude enol ether following workup, actual purification of 3.6
proved difficult. While enol ether 3.4, with the methyl groups on the glycol bridge, could be
chromatographed fairly easily, 3.6 was difficult to chromatograph cleanly. Not only did the
compound move very slowly through a silica column, but it also was quite prone to protonation
forming 3.7. Furthermore, as will be discussed further in Section 3.2, the lack of these methyl
groups also drastically decreased solubility of the substrate at the electrode surface at the -78⁰C
at which the subsequent electrolysis was run, leading to very poor current efficiency. With these
problems in mind, we looked toward reintroducing the methyl groups by synthesizing compound
3.4 using the new, faster method.
3.1.3. Reintroducing the Methyl Groups
While it was convenient that the ketal-protected compound 3.5 was commercially available,
the need to reintroduce the methyl groups onto the ketal was clear at this point. It seemed it
would be quite simple to protect 2-cyclopenten-1-one 3.1 with the 2,3 butanediol to give a
substrate for the Grignard addition and enol ether formation.
This ketal protection proved quite difficult. The traditional approach using a diol, acid
catalyst, and a water scavenger was unsuccessful. A variety of acid catalysts were tried as well
as a number of water scavenging methods including molecular sieves, magnesium sulfate, a
Dean-Stark trap, and combinations of these. In most cases, only starting material was obtained.
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Even in cases in the literature where this problem was solved with various catalysts and
conditions, the results were not repeatable in our lab.6,7
The failure to produce any ketal product was troubling. Even if the protection reaction was
slow, it is still just a matter of driving an equilibrium. We began to wonder if the ketal was too
sensitive to water under the reaction conditions such that the water scavengers could not compete
with hydrolysis of the ketal.
With this in mind, we looked toward using an epoxide to ketal-protect the enone (Scheme
3.6). In this case, the driving force for the reaction is the strain release from the epoxide rather
than removal of water. By changing the mechanism by which the protection occurred, we sought
to remove what we suspected was a problem with fast hydrolysis of the product. One
consideration for this reaction, however, is the competition between protection of the enone and
polymerization of the epoxide. Scandium (III) triflate proved to be the best Lewis acid catalyst
tested in leading to ketal product. Very slow addition of a dilute solution of epoxide to the enone
and catalyst also proved to be effective at driving the reaction to completion. These conditions
led to formation of the desired ketal 3.8 in 58% yield.
Scheme 3-6. Enone protection with an epoxide.

The “Michael-like” reaction conditions were then employed for the formation of 3.4.
Optimized conditions yielded 67% of the enol ether product (Scheme 3-7). These conditions
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used a full equivalent of CuI, though slightly lower yields could still be obtained using catalytic
amounts of copper down to 20 mole percent, however with less consistency. This lack of
consistency was attributed to the strong dependence of the success of the reaction on the purity
of the CuI. For full conversion of starting material and obtaining the best yields of 3.4, freshly
purified CuI (recrystallized from a saturated aqueous solution of potassium iodide) was used.
Scheme 3-7. New synthesis of enol ether 3.4.

Compound 3.4 could then be purified. Both silica gel (packed with 1.5% triethyl amine) and
basic alumina could be used for chromatography, however better separation could be achieved
with the silica gel. Full separation of the 2,6-lutidine from all column fractions containing
product was quite difficult, however this separation issue led to the observation that trace
amounts of 2,6-lutidine left in the product following chromatography allowed for more
consistentency in the yield of product obtained. Collecting fractions that contained only product
and leaving behind those with residual base often led to decomposition to 3.9 upon
concentration. Again, having 2,6-lutidine in the product is not a problem for the subsequent
electrolysis, as this base is known to be compatible with electrolysis reactions and is in fact the
most frequently used base additive with anodic olefin coupling reactions.
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3.1.4. Generalizing the “Michael-like” Addition of Grignards to Ketal-Protected Enones
Clearly, the “Michael-like” reaction route to tethered alcohol enol ethers works for the cases
of making 3.4 and 3.8. The question remains, however, whether these conditions can be
generalized to the synthesis of other substrates. If general, not only would this method be the
fastest route to tethered alcohol enol ether electrolysis substrates when such a method is needed
for controlling the radical cation intermediate, but it also may be useful for many anodic olefin
couplings that previously used methoxy enol ethers. In those cases, the methoxy enol ether was
typically masked with a protected alcohol and then assembled at the end of the synthesis with a
deprotection, oxidation, Wittig sequence. The use of the Michael addition based route would
avoid this multi-step sequence and the use of the messy triphenylphosphine oxide-producing
Wittig reaction. Furthermore, using a tethered alcohol enol ether, even in cases where it is not
necessary for the success of the electrolysis, gives a cyclic ketal or acetal as the final electrolysis
product rather than a dimethoxy ketal or acetal. Isolation of the dimethoxy ketals and acetals
following electrolysis has met with some difficulty in past group efforts. In addition, the
formation of a more stable cyclic ketal or acteal could prove quite useful if the protecting group
needs to be carried through a number of additional steps in a longer synthetic project. Finally, a
chiral cyclic ketal radical intermediate could provide a chiral template for performing
asymmetric anodic cyclization reactions.
A small series of different electrophiles for the “Michael-like” addition were subjected to the
reaction conditions with a trisubstituted olefin Grignard reagent (Scheme 3-8). Addition to the
olefin in a 5-membered ring ketal 3.8 proceeded as planned, with a 59% yield of the tethered
alcohol enol ether 3.10 isolated (Scheme 3-8a). As would be expected, the change in identity of
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the Grignard reagent did not affect the ability of the reaction to proceed. Though the yield has
not yet been optimized, clearly this reaction proceeds well.
The same reaction was then performed using the 6-membered ring substrate 3.11 (Scheme
3.8b). Tethered alcohol enol ether 3.12 was indeed produced, though was only isolated in 7%
yield. The remaining material was isolated as the protic-driven cyclization product (3.13) of
3.12 and a significant amount of recovered starting material. While the addition reaction is
indeed occurring, it appears to be slower than that of the 5-membered ring substrate, likely due to
the strain of the five-membered ring spirocyclic compound versus the 6-membered ring.
Furthermore, isolation conditions for the reaction are clearly not ideal at the moment. While
significant work is needed to optimize the reaction, it does appear that the reaction will proceed
nicely once better conditions are found for generating and trapping an oxonium ion from the
starting material.
Finally, acylic acetal substrate 3.14 was subjected to the same reaction conditions. The
desired tethered alcohol enol ether product 3.15 was obtained in less than 9% yield with some
impurities. This was surrising since the reaction appears to proceed cleanly based on a proton
NMR of the crude reaction mixture and a and high mass balance. Clearly the reaction generated
product nicely. It was noticed, however, that the proton NMR of the crude product showed only
cis enol ether product, while the post-column product showed some of the trans enol ether. This
change in stereochemistry indicates that during chromatography the enol ether was in
equilibrium with its oxonium ion. Formation of the oxonium ion would allow for rotation around
the carbon-carbon bond and equilibration of enol ether stereochemistry. It can also lead to
decomposition and a low yield of isolated product.
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Scheme 3-8. Expanding the scope of “Michael-like” Grignard additions to ketals and acetals.

Several lessons can be taken away from these preliminary studies. Firstly, the “Michael-like”
Grignard additions to ketals and acetals seems to work for a variety of electrophiles, though to
varying degrees with the current conditions. Secondly, it is clear that the exact conditions used
for the synthesis of 3.4 are not optimal for other substrates. The rate of the reaction for the 6membered ring substrate 3.11 is clearly slower and requires more time. Furthermore, the
isolation conditions, too, are different for the different products and will need to be optimized
separately for each family of electrolysis substrates. Optimization of the above shown reactions
as well as further expansion of the scope of this methodology to other electrophiles and Grignard
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reagents is currently underway by Moeller group members Ruozhu Feng and Kendra White. At
this point, we turned our attention back to the synthesis of seven-membered rings in the hopes of
answering our initial question: is the methodology developed in Chapter 2 general for stopping
elimination side reactions for difficult cyclizations?

3.2 Electrolysis Studies
3.2.1. Initial Studies: Solubility Problems and Initial Results
With a method for quickly constructing the substrates needed for the electrolysis studies we
were targeting, studies to examine the anodic generation of 7-membered rings from those
substrates were undertaken. Initially, substrate 3.6 with the simple ethylene glycol tether was
used. Compound 3.6 could not be easily isolated via chromatography, but the crude NMR
spectrum from the previous reaction appeared quite clean, and the crude material was taken on to
the electrolysis without further purification. The first electrolysis was performed at -78⁰C, using
2,6 –lutidine as the base, lithium perchlorate as the electrolyte, and a 1:1 MeOH:THF solvent
mixture. Passing 2 F/mole of charge, however resulted in the recovery of most of the starting
material, with less than 10% conversion to other products observed by crude NMR (Scheme 39). Around 15 F/mole of charge was required to fully oxidize 3.6 in this electrolysis.
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Scheme 3-9. Initial electrolysis studies.

Our initial thought was that this extremely poor current efficiency was the result of the
oxidation of impurities in the starting material, a consequence of using the crude product from
the previous reaction. If the impurities oxidized at a lower potential than the substrate, then they
would consume the current used in the reaction. However, this hypothesis was quickly
dismissed. When the current was increased to 30 mA, in order to shorten the length of time it
took to reach 15 F/mole of charge, full conversion was still not achieved (Note: the size of the
electrode was kept roughly constant for all experiments. Thus, a change in current is equivalent
to a proportional change in current density). This was a surprise because at higher current, the
selectivity of the reaction for an impurity with a lower oxidation potential would decrease (a
higher working potential at the anode). Under these conditions, more of the substrate should be
oxidized since some of it had oxidized at the lower current. However, in the time it took to reach
15 F/mole at 30 mA, the percent conversion of starting material was the same as that using 8 mA
of current at the same time point. Thus, the conversion issue was not a simple matter of an
impurity, but instead somehow seemed related to the time of reaction.
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This observation could be the result of poor substrate solubility. If the substrate was poorly
soluble, either in the bulk solution or in the double layer near the anode surface, then the reaction
would be limited by the time it took for substrate to approach the electrode surface. When no
substrate was present at the anode surface, the potential at the anode would rise such that
methanol was oxidized. The current would be consumed without oxidation of the substrate. The
higher potential would still lead to substrate oxidation, but only at the rate at which the substrate
could reach the anode. The rate of the reaction would be independent of the current used.
While solubility seemed likely to be the problem, we had not yet ruled out the possibility of
some species, perhaps a copper species from the previous reaction, being oxidized at the anode
and reduced at the cathode continuously, consuming most of the current. To test this possibility,
the reaction was run in a divided cell. If a copper species was being continuously oxidized and
reduced, cutting it off from being re-reduced at the cathode would improve current efficiency.
However, the reaction conducted in the divided cell gave back mostly starting material just as
with the undivided cell.
At this point, we firmly believed the low current efficiency to be related to solubility of the
substrate. Various solvent combinations of methanol and co-solvents at different percentages
were tested to try to improve this solubility. The other solvents used included dimethylsulfoxide,
dimethyl formamide, tetrahydrofuran, and dichloromethane. These solvent changes had very
little effect on the current efficiency of the reaction.
Clearly, this solubility problem was not likely to be solved by changing reaction conditions.
The substrate itself was simply not very soluble at -78⁰C, a temperature previously determined to
be important to the success of these tethered alcohol enol ether electrolyses. The case previously
discussed in Chapter 2, however, where the alcohol tether of the enol ether had two methyl
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groups on it showed no such solubility problems. We believed that reintroducing these methyl
groups might solve the solubility problems encountered with 3.6.
While the route to reintroduce the methyl groups to the tethered alcohol enol ether (discussed
in section 3.1.3) was under development, preliminary electrolysis studies were continued with
substrate 3.6. For example, a large excess of charge was used in an attempt to push the reaction
to completing in spite of the poor current efficiency (Scheme 3.8). Following this electrolysis,
no product was isolated. In fact, no product of any kind could be obtained in a substantial
amount following chromatography. It was thought that the initial product 3.9 might be too
unstable for isolation. Hence, we attempted to convert 3.9 into a more stable furan using acid.
The reaction provided some hope that the electrolysis was indeed working when a 28% yield
over 2 steps of what appeared to be 3.17 (Figure 3.2) was isolated. Unfortunately, not only was
3.17 unstable and decomposed before full characterization was done, the conversion of 3.16 to
3.17 was not reproducible. Instead, decomposition and/or polymerization of the electrolysis
mixture was all that was observed in subsequent attempts. Changing the acid used (PPTS,
Amberlyst 15, and Sc(OTf)3 were all tested) did not help the problem.
Scheme 3.10. Electrolysis of enol ether 3.6.

At this point in the project, the methylated alcohol tethered enol ether 3.4 became available.
It was synthesized via the “Michael-like” Grignard addition method. With this substrate in hand,
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we turned our attention to its oxidation. However, at this point, several conclusions could be
made. First, it seemed that the electrolysis to form the 7-membered ring was working at least in
some capacity. It was not known how well the reaction proceeded, but some seven-membered
ring product was being generated. Second it was fairly clear that the initial cyclized product
from the electrolysis 3.16 and its aromatized furan counterpart 3.17 were not very stable. These
issues were quite problematic, however little more could be concluded without examining the
electrolysis of the more soluble substrate 3.4.
3.2.2. Solving Solubility Problems and Insight into the Electrolysis of 3.4.
With an easy route to route to 3.4 achieved, this substrate was taken to the electrolysis to see
if solubility at low temperature was improved over substrate 3.6. Luckily, using methanol
solvent and lithium perchlorate electrolyte gave full conversion of starting material in the
electrolysis at -78⁰C passing only 3.0 F/mol of charge at 8 mA. Even with a less polar 1:1
mixture of MeOH:THF, this increased current efficiency was maintained. The addition of the
methyl groups to the electrolysis substrate had clearly helped its solubility issues. Though a 50%
excess of charge still had to be passed to drive the reaction to completion, the current efficiency
was greatly improved.
The cleanest looking spectrum for the crude material obtained from the reaction arose form an
experiment that used 1:1 MeOH:THF as solvent and lithium methoxide as the base. The use of
lithium perchlorate as the electrolyte for the reaction was vital to obtaining decent current
efficiency. When tetrabutylammonium tetrafluoroborate (BuN4BF4) was employed as the
supporting electrolyte, the reaction required twice the amount of current even though all of the
other reaction conditions remained the same. The use of tetraethylammonium tosylate (Et4NOTs)
as the electrolyte led to an even worse current efficiency with the reaction proceeding to only
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20% conversion after 3.0 F/mole. Similar results were obtained with the three different
electrolytes when the base was changed to 2,6-lutidine. It should be noted that when incomplete
conversion occurs with this reaction, the starting material is isolated as the original enol ether
when 2,6-lutidine is used as the electrolysis base and as the protic-driven cyclization product 3.9
(Scheme 3-9) when LiOMe or potassium carbonate are used, as the latter two bases are washed
away or filtered out during workup leaving the enol ether prone to protonation. Regardless of
products obtained, conversion of starting material is very dependent on the electrolyte used. Such
observations are often the result of varying degrees of substrate solubility in the double layer
coating the anode surface.9 The substrate must be soluble in the double layer for the oxidation to
proceed.
A crude NMR of an electrolysis of substrate 3.4, containing coumarin as an internal standard,
is shown in Figure 3-3. Coumarin was chosen as a standard due to it being an easily weighed
solid and due to its NMR doublet signals being in a unique, non-overlapping region of the
spectrum. The set of 6 peaks between 5 and 6 ppm were initially assigned as the starred protons
of 3.18 for multiple diasteromers (Note: the addition coumarin aids in resolution of individual
peaks in this region). It appeared, then, that the reaction was proceeding very cleanly toward
product 3.18. As in the case of the electrolyses with substrate 3.6, however, the electrolysis
products proved difficult to isolate and this difficulty made the tentative assignment of 3.18
suspect.
Attempts were again made to convert the desired electrolysis product to the furan with a
variety of Lewis acids to little success. Using catalytic Amberlyst 15 in chloroform over 6 days
did give a 4% yield of what appeared to be the 5-7-5 ring system furan product, though the
majority of the crude mixture was polymer. Again, the furan product was itself not stable for a
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significant period of time. This result again showed that the cyclization was working at some
level, but with the isolation problems the actual yield of the cyclization reaction was still
unknown. So how well was the reaction working?
Figure 3-3. Spectrum of the crude product resulting from oxidation of 3.4, with coumarin
internal standard.

Other methods of converting what appeared to be the desired cyclization product were also
tested. These included DIBAL-H reduction of the furan-derived acetal to the dihydrofuran (a
strategy that was previously employed in the synthesis of (-)-alliacol A,8 slow conversion of
cyclization of product to the furan with heterogenous Lewis acidic catalysts followed by fast
Diels-Alder trapping of the furan with dimethyl acetylenedicarboxylad (DMAD), and oxidation
of the furan-derived acetal to the lactone with pyridinium chlorochromate (PCC). The first two
cases produced messy results, with only small mass amounts of isolable products obtained which
did not seem to match the anticipated reduction or Diels-Alder products respectively.
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The PCC oxidation also did not lead to isolation of the expected lactone, however it was the
incomplete reaction of electrolysis products under these conditions that led to an important
insight into the reaction. While much of the electrolysis product was consumed in the PCC
oxidation, a small amount of the species to which the 3 peaks labeled with “^” in Figure 3-3
belonged remained unchanged. This product could be isolated, albeit in sub-milligram amounts.
Full characterization of this species determined that it was, in fact, not a diastereomer of the 7membered ring cyclization product. Rather, this compound was 3.19, a product of the oxidation
of the furan in 3.9. This product was not cyclized.
Scheme 3-11. Products seen in the electrolysis reactions of enol ether 3.4.

This discovery dramatically changed how we viewed the success of the cyclization. While
the 3 starred peaks in Figure 3-3 still likely belong to the desired cyclized product, the major
product from the electrolysis is 3.19. If indeed the starred peaks do belong to cyclized product,
the cyclization proceeds in 21% with the furan oxidation product present in 30% (based on the
coumarin internal standard). Thus, not only is the stability of the cyclized product an issue, but
also there is only a minor amount of it being made.
Having identified furan oxidation product 3.19, it was easy to identify the same product in
almost all previously run electrolyses with substrate 3.4. An almost identical pattern of peaks
between 5 and 6 ppm was also seen for the oxidation of substrate 3.6, indicating that a
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cyclization of the starting enol ether alcohol and independent furan oxidation was also the major
product in those cases as well.
The only cases where 3.19 was not observed was when Et4NOTs was used as the electrolyte.
In these cases, not only was current efficiency poor as previously mention, but the elimination
product 3.20 was obtained selectively and isolated. This result taught us several important
things. First, with this elimination product isolated and fully characterized, it was clear that in all
other cases, the electrolyses did not give any of this elimination product. Thus, the initial goal of
demonstrating that this methodology is general for suppressing elimination reactions with
difficult cyclization was achieved for cases not using Et4NOTs . Clearly, the Et4NOTs not only
affects the electrochemical double layer in terms of substrate solubility, but it also affects what
pathways a reaction can take. Second, use of the tethered enol ether, alcohol substrate did
improve the cleanliness of the reaction. In the initial cases where silyl enol ethers were used
instead of the new tethered alcohol enol ethers, the elimination products were present along with
polymer and general decomposition giving a very messy result. In this case, however, the
reaction was driven quite cleanly to 3.20 in 19% yield with 52% recovered starting material due
to the solubility issues. With this knowledge in hand, it may actually be possible to purposefully
steer a reaction toward elimination if the resulting substituted ketal-protected enone is desired.
Such a reaction might be desirable for forming substrates that have a quaternary carbon beta to
the original ketal. However, in the interest of generating the seven-membered ring product, this
possibility was left for a later date.
Furan oxidation product 3.19 could arise via several pathways. Considering the instability
issues of 3.4, the first possibility considered was one in which trace acid produced at the anode
was not entirely neutralized by the base present in the electrolysis, leading to protic-driven
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cyclization to 3.9 followed by oxidation of the furan. With the enol ether gone, the oxidation
potential of the anode would rise to that of the furan, which is higher than that of the enol ether.10
Furan oxidation followed by methanol trapping would occur (Scheme 3-12a). If this was the
case, the amount of 3.20 produced in the electrolysis would likely depend on the pH of the
electrolysis solution. However, it was found that neither the amount nor identity of the base used
had any effect on the electrolysis product distribution, with results from all of these experiments
giving the same crude spectrum as that in Figure 3-3. It seems very unlikely that using much
more basic conditions with lithium methoxide would result in exactly the same amount of 3.4
going to 3.9 as with much less basic conditions with 2,6-lutidine as the base if the product was
really the result of a protonation reaction.
Scheme 3-12. Possible pathways to furan oxidation product 3.19.

In light of this, another mechanistic possibility may be more likely (Scheme 3-12b). In this
pathway, the enol ether oxidizes to the radical cation which is trapped by the alcohol as planned.
The resulting radical, facing a difficult cyclization, does a hydrogen atom abstraction instead.
This pathway could lead to the formation of 3.19. Such a pathway would be not at all surprising,
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as it is already known that the radical intermediates from the oxidation and alcohol trapping of
tethered alcohol enol ethers can, given no alternative pathways, do hydrogen atom abstractions
(See Chapter 2, Section 2.1.2).4
If this hypothesized mechanism is indeed at work, it suggests that the tethered alcohol enol
ether substrate is indeed performing as intended. Upon oxidation, 3.4 appears to be giving the
cyclized ketal radical intermediate and preventing the previously troublesome elimination
reaction that this methodology was designed to solve. However, the formation of 3.19 also
suggests that 7-membered ring formation from the radical intermediate is too slow. It has been
shown by Newcomb and coworkers that radicals are much less reactive than radical cations.11 In
fact, radical cyclizations can be hundreds to tens of thousands times slower than similar radical
cation derived cyclizations. So, in solving the elimination problem by trapping the radical cation,
we may well have complicated the desired cyclization and provided the time necessary for the
competitive hydrogen atom abstraction.
Looking back at the 7-membered ring cyclization reported by Wright and co-workers, it is
clear that the case they studied was perfectly set up for the cyclization.9 The added methyl group
creating a quaternary carbon adjacent to the radical cation both stopped the possibility of a
proton elimination and increased the rate of the cyclization via conformational effects. If we are
to have similar success, then it appears that we might also need to accelerate the 7-membered
ring cyclization. However, we need to do it without adding the methyl group. Remember, the
methyl group is not part of our desired target.
Driving the reaction down a radical pathway led to hydrogen atom abstraction, however
radical cations do not participate in such pathways. With this in mind, we sought to introduce a
conformational constraint into the tether connecting a silyl or methoxy enol ether and the furan
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group (Scheme 3-13) to accelerate the radical cation cyclization. Thus, rather than attempting to
slow an elimination reaction relative to the cyclization, we propose accelerating the cyclization
relative to the elimination. To test the idea that such a constraint will accelerate the cyclization
and allow us to avoid elimination, we chose a substrate with an ortho-substituted aromatic ring.
This choice was based on the commercial availability of 2-bromobenzaldehyde (3.22) and the
ease with which it appears the substrate can be made. After attack of 3-lithiofuran on this
aldehyde, the benzylic alcohol can be reduced using TMSI produced in situ in acetonitrile to give
3.23, which can then be converted to the Grignard reagent for the synthesis of 3.24. A successful
cyclization of constrained substrate 3.24 would demonstrate what was needed for a successful
seven-membered ring cyclization. The aryl ring could be replaced with a cis double bond and
that functionality used to complete the synthesis of the desired target. So, a successful model
study would suggest a new strategy for accomplishing the project’s long-term goals. Work on the
synthesis and electrolysis of 3.24 is underway.
Scheme 3-13. Proposed route to conformationally constrained electrolysis substrate.

3.3 Conclusions
A new efficient route to tethered alcohol enol ethers has been discovered. This method was
applied towards making the tethered alcohol enol ether substrates needed for exploring anodic
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oxidation routes to 5-7-5 tricyclic ring system using furan coupling partners. The substrates were
designed in an attempt to stop an unwanted elimination pathway that prevented the success of
earlier silyl enol ether based methods. Indeed, the elimination pathway was stopped as we
intended. This methodology does seem to be general in stopping elimination pathways for
difficult cyclzations. However, in this particular case, the elimination problem was exchanged
for another. Some amount of cyclized product was produced, however the major product from
the reaction is an apparent hydrogen atom abstraction. The result of this hydrogen abstraction is
an uncyclized product and oxidation of the furan ring. It seems likely that the radical
intermediate formed from the initial alcohol cyclization onto the radical cation is simply not
reactive enough to generate the seven-membered ring and sacrifice the aromatic ring in the
process. We believe introducing conformational constraint into the electrolysis substrate will
accelerate the cyclization of a radical cation intermediate and give us the desired 7-membered
ring formation.
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3.5 Experimental

Grignard reagent stock solution:
The furanyl alcohol was synthesized according to the procedure given by reference 8.
To the alcohol (2.134 g, 16.8 mmol) in CH2Cl2 (85 mL) was added DMAP (2.67 g, 21.8 mmol)
followed by tosyl chloride (3.94 g, 20.7 mmol) and the reaction stirred overnight. The reaction
mixture was diluted with ether and washed with saturated aqueous NH4Cl solution. The aqueous
layer was extracted with ether, and the organic washes were dried over Na2SO4 and concentrated
in vacuo.
The crude tosylate was then taken up in acetone (5.5 mL) and LiBr added (0.26 g). The reaction
was refluxed for 4 hr, then cooled to 0⁰C. Water was added, the layers separated, and the
aqueous layer extracted with ether. The organic washes were dried over Na2SO4 and
concentrated in vacuo. The crude bromide was purified via silica gel chromatography (eluting
with 10:1 hexanes:ether) to give bromide product (1.994 g, 10.6 mmol) in 63% yield over 2
steps. The spectral data for this bromide matched that of reference 8.
To make a stock solution of the Grignard reagent: To dried magnesium powder (1.3 g) under
argon in dry THF (5 mL) was added bromide (0.944 g, 5.0 mmol) in THF (2 mL) dropwise over
1 hr. The reaction was stirred another hour, diluted with THF (3 mL), and stirred another hour.
The grey solution was then cannulated off the excess magnesium into a separate flask. The
Grignard stock solution was titrated using a menthol with a small amount of 1,10-phenanthroline
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in THF until a slight pink color persisted. These stock solutions typically yielded a 0.3-0.4 M
Grignard solution.
CuI purification: To a solution of KI (32.6 g) in water (25 mL) with stirring was added CuI
(3.32 g). Decolorizing carbon was added, and the solution stirred for 15 min before being
vacuum filtered through a short pad of celite. The solution was then diluted with water (75 mL)
and cooled to 0⁰C for 30 min. More water was added and the precipitate was filtered off. The
precipitate was then washed with water, acetone, and ether and dried under vacuum overnight.

(2,3-dimethyl-1,4-dioxaspiro[4.4]non-6-ene (3.8): To a solution of 2-cyclopenten-1-one (3.1,
1.0 mL, 12.0 mmol) in CH2Cl2 (10 mL) was added Na2SO4 (0.36 g). A solution of cisepoxybutane (3.1 mL, 36 mmol) in CH2Cl2 (10 mL) was added dropwise very slowly overnight
via syring pump. Triethylamine (1.5 mL) was then added, and the reaction was diluted with
ether. The solution was washed with saturated aqueous NaHCO3 and brine, dried over Na2SO4,
and concentrated in vacuo. The crude epoxide was purified via chromatography on basic
alumina (eluting with 5:1 hexanes:ether) to give ketal product as a colorless liquid (1.622 g, 7.0
mmol) in 58% yield. 1H NMR (300 MHz, CDCl3) 6.08 (dt, J = 5.7 Hz, 1H), 5.72 (dt, J = 5.7 Hz,
1H), 3.70-3.57, (m, 4H), 2.75-2.37 (m, 2H), 2.12-2.07 (m, 2H), 1.28 (d, J = 2.1 Hz, 3H), 1.26 (d,
J = 2.1 Hz, 3H).

13

C NMR (125 MHz, CDCl3) 136.3, 131.7, 119.3, 78.6, 78.2, 35.5, 29.4, 16.9,

16.6; IR (neat, KBr) 2997, 2931, 2878, 2250, 1457 cm-1; ESI HRMS m/z (M+Na)+ calcd
177.0881, obsd 177.0886.
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3-({3-[3-(furan-3-yl)propyl]cyclopent-1-en-1-yl}oxy)butan-2-ol (3.4): A solution of 0.3-0.4 M
in THF stock Grignard solution (3.0 mL) and HMPA (0.46 mL, 2.6 mmol) was sonicated for 10
minutes. (WARNING: HMPA is carcinogenic. All glassware, gloves, syringes, aqueous washes
etc. used for the reaction and during workup were washed with bleach). The mixture was cooled
to -20⁰C and freshly purified CuI (0.12 g, 0.63 mmol) was added. The solution was stirred at 20⁰C for 30 min. A solution of 3.8 (0.087 g, 0.57 mmol) in THF (0.3 mL) was then added,
followed by dropwise addition of BF3-Et2O (0.07 mL, 0.57 mmol) at -20⁰C. The reaction was
stirred at -20⁰C for 3 hr. 2,6-lutidine (0.15 mL, 1.3 mmol) was then added at -20⁰C. The
reaction mixture was warmed to room temperature, quenched with cold saturated aqueous
NaHCO3, and diluted with ether. The layers were separated and the organic layer washed twice
with saturated aqueous NaHCO3. The aqueous layer was then extracted once with ether. The
combined organic layers were washed with 0.1 M EDTA solution at pH 8 until the washes no
longer showed any blue/green coloration. The organic layer was then washed with water and
brine, dried over Na2SO4, and concentrated in vacuo. The crude enol ether was purified via silica
gel chromatography (packed with 1.5% NEt3, eluting with 5:1 hexanes:ether) to give enol ether
product (0.100 g, 0.38 mmol) as a colorless to pale yellow oil in 67% yield, along with some
amount of 2,6-lutidine mixed in. 1H NMR (300 MHz, CDCl3) 7.34 (s, 1H), 7.21 (s, 1H), 6.26 (s,
1H), 4.45 (s with fine coupling, 1H), 3.79 (septet, J = 6 Hz, 1H), 3.69 (septet of d, J = 6, 3 Hz,
1H), 2.74-2.59 (m, 1H), 2.46-2.22 (m, 4H), 2.10-1.96 (m, 1H), 1.66-1.46 (m, 2H), 1.46-1.23 (m,
3H), 1.21-1.14 (m, 6H) 13C NMR (75 MHz, CDCl3) 142.6, 138.7, 125.2, 111.0, 110.0, 99.43,
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99.39, 79.4, 70.5, 70.4, 42.1, 42.0, 37.2, 37.1, 31.79, 31.76, 28.1, 27.9, 25.0, 18.3, 15.1, 15.0 ; IR
(neat, KBr) 3434, 2975, 2924, 2858, 1642 cm-1. ESI HRMS m/z (M+H)+ calcd 265.1798, obsd
265.1798.

3-((3-(4-methylpent-3-en-1-yl)cyclopent-1-en-1-yl)oxy)butan-2-ol (3.10): A solution of 0.33
M in THF stock alkyl prenyl Grignard solution (3.0 mL) and HMPA (0.46 mL, 2.6 mmol) was
sonicated for 10 minutes. (WARNING: HMPA is carcinogenic. All glassware, gloves, syringes,
aqueous washes etc. used for the reaction and during workup were washed with bleach). The
mixture was cooled to -20⁰C and freshly purified CuI (0.12 g, 0.63 mmol) was added. The
solution was stirred at -20⁰C for 30 min. A solution of 3.8 (0.094 g, 0.61 mmol) in THF (0.3
mL) was then added, followed by dropwise addition of BF3-Et2O (0.075 mL, 0.61 mmol) at 20⁰C. The reaction was stirred at -20⁰C for 3 hr. 2,6-lutidine (0.16 mL, 1.4 mmol) was then
added at -20⁰C. The reaction mixture was warmed to room temperature, quenched with cold
saturated aqueous NaHCO3, and diluted with ether. The layers were separated and the organic
layer washed twice with saturated aqueous NaHCO3. The aqueous layer was then extracted once
with ether. The combined organic layers were washed with 0.1 M EDTA solution at pH 8 until
the washes no longer showed any blue/green coloration. The organic layer was then washed
with water and brine, dried over Na2SO4, and concentrated in vacuo. The crude enol ether was
purified via silica gel chromatography (packed with 1.5% NEt3, eluting with 5:1 hexanes:ether)
to give enol ether product (0.085 g, 0.36 mmol) as a colorless to pale yellow oil in 59% yield. .
1

H NMR (300 MHz, CDCl3) 5.11 (t, J = 6.4 Hz, 1H), 4.46 (s, 1H), 3.80 (septet, J = 6.4 Hz, 1H),
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3.69 (septet of doublets, J = 6.4, 3.0 Hz, 1H), 2.71-2.57 (m, 1H), 2.45 (d, J = 2.9 Hz, 0.6H), 2.42
(d, J = 2.9 Hz, 0.4H), 2.37-2.24 (m, 1H), 2.12-1.90 (m, 2H), 1.69 (s, 3H), 1.61 (s, 3H), 1.52-1.03
(m, 4H), 1.22-1.16 (m, 6H); 13C NMR (75 MHz, CDCl3) 157.5, 131.2, 124.8, 99.8, 79.5, 70.9,
41.97, 41.92, 37.6, 31.9, 31.8, 28.0, 27.8, 26.7, 26.2, 25.7, 18.4, 17.6, 17.0, 15.2; IR (neat, KBr)
3420, 2970, 2918, 2853, 1644 cm-1; ESI HRMS m/z (M+H)+ calcd 239.2006, obsd 239.2006.

2,3-dimethyl-1,4-dioxaspiro[4.5]dec-6-ene (3.11): To a solution of 2-cyclohexen-1-one (1.0
mL, 10.3 mmol) in CH2Cl2 (8.5 mL) was added Na2SO4 (0.36 g). A solution of cis-epoxybutane
(2.6 mL, 30 mmol) in CH2Cl2 (8.5 mL) was added dropwise very slowly overnight via syring
pump. Triethylamine (1.5 mL) was then added, and the reaction was diluted with ether. The
solution was washed with saturated aqueous NaHCO3 and brine, dried over Na2SO4, and
concentrated in vacuo. The crude epoxide was purified via silica gel chromatography (slurry
packed with 1.5% triethylamine and eluting with 5:1 hexanes:ether) to give ketal product as a
colorless liquid (0.804 g, 4.8 mmol) in 46% yield. 1H NMR (300 MHz, CDCl3) 5.85 (dt, J =
10.1, 3.7 Hz, 1H), 5.52 (dt, J = 10.1, 3.0 Hz, 1H), 3.66-3.48 (m, 2H), 1.98-1.90 (m, 2H), 1.781.64 (m, 4H), 1.18 (d, J = 6 Hz, 3H), 1.17 (d, J = 6 Hz, 3H);

13

C NMR ( 75 MHz, CDCl3) 132.0,

128.9, 104.6, 78.2, 77.8, 35.0, 24.8, 20.7, 16.74, 16.68; IR (neat, KBr) 2973, 2933, 2870, 1734,
1687, 1651 cm-1; ESI HRMS m/z (M+H)+ calcd 169.1223, obsd 169.1225.

83

Trans-4,5-dimethyl-2-(prop-1-en-1-yl)-1,3-dioxolane (3.14): To a solution of transcrotonaldehyde (0.55 mL, 6.7 mmol) and (2R-3R)-butanediol (0.91 mL, 10 mmol) in benzene
was added MgSO4 (0.60 g) and L-tartaric acid (0.037 g, 3.5 mol %). The mixture was refluxed
overnight with a Dean-Stark trap, then cooled to room temperature. NaHCO3 (0.1 g) was added,
and the reaction stirred 1 hr. The reaction mixture was filtered through a pad of dry NaHCO3
and concentrated in vacuo. The crude product was purified via silica gel chromatography (slurry
packed with 1% triethylamine, eluting with 5:1 hexanes:ether) to give acetal product (0.521 g,
0.366 mmol) in 55% yield. . 1H NMR (300 MHz, CDCl3) 5.75 (dq, J = 15.5, 6.6 Hz, 1H), 5.36
(ddq, J = 15.5, 7, 1.8 Hz, 1H), 5.16 (d, J = 7 Hz), 3.53-3.41 (m, 2H), 1.58 (dd, J = 6.4, 1.8 Hz,
3H), 1.14 (d, J = 6 Hz, 3H), 1.08 (d, J = 6Hz, 3H);

13

C NMR ( 75 MHz, CDCl3) 131.5, 128.6,

102.6, 79.4, 77.8, 17.2, 16.8, 16.6; IR (neat, KBr) 2974, 2932, 2921, 1718, 1682, 1659, 1446,
1378 cm-1; ESI HRMS m/z (M+H)+ calcd 143.1067, obsd 143.1067.

3-(2-bromobenzyl)furan (3.23): 3-lithiofuran was added to 3.22 according to the procedure by
Hartman, G.D.; Halczenko, W.; Phillips, B.T. J. Org. Chem. 1986, 51, 142. to give alcohol in
83% yield.
To a solution of NaI (0.52 g) in dry acetonitrile (10 mL) was added TMSCl (0.43 mL) at 0⁰C.
The mixture was stirred at room temperature for 15 minutes, then cooled to 0⁰C. A solution of
the alcohol (0.188 g, 0.74 mL) in acetonitrile (5 mL) was then added dropwise over 30 min. The
reaction was then stirred 10 min at room temperature, cooled to 0⁰C, and quenched with 2 M
NaOH. The mixture was diluted with ether and water and the aqueous layer extracted with ether.
The organic layers were washed with 0.5 M Na2S2O3, water, and brine and dried over Na2SO4.
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The crude product was concentrated in vacuo, the purified via silica gel chromatography (eluting
with 100% hexanes) to give 3.23 (0.094 g, 0.40 mmol) as a colorless oil in 54% yield.
Spectral data matched that of Hartman, G.D.; Halczenko, W.; Phillips, B.T. J. Org. Chem. 1986,
51, 142

Electrolysis Products and Side Products:

7-(3-(2,5-dimethoxy-2,5-dihydrofuran-3-yl)propyl)-2,3-dimethyl-1,4 dioxaspiro[4.4]nonane
(3.19): . 1H NMR (300 MHz, CDCl3) 5.64 (s, 1H), 5.53 (s, 1H), 5.41 (s, 1H), 3.62-3.49 (m, 2H),
3.41 (s, 3H), 3.38 (s, 3H), 2.44 (t, J = 7.4 Hz, 1H), 2.28-1.68 (m, 6H), 1.64-1.30 (m, 6H), 1.301.18 (m, 6H);

13

C NMR ( 75 MHz, CDCl3) 145.6, 123.6, 107.8, 106.9, 78.3, 76.6, 54.2, 53.7,

44.5, 38.0, 37.8, 37.6, 37.3, 35.8, 35.6, 30.5, 29.7, 26.6, 25.8, 17.2, 17.0, 16.9; IR (neat, KBr)
2966, 2929, 2867, 1740, 1673 cm-1; ESI HRMS m/z (M+Na)+ calcd 349.1985, obsd 359.1982.

5,6,6a,7,8,9a-hexahydro-4H-spiro[azuleno[4,5-b]furan-9,2'-[1,3]dioxolane] (3.17): 1H NMR
(300 MHz, CDCl3) 7.20 (d, J = 1.8 Hz, 1H), 6.19 (d, J = 1.8 Hz, 1H), 3.81-3.69 (m, 4H), 3.32 (d,
J = 7.0 Hz, 1H), 3.04-2.97 (m, 1H), 2.53-2.46 (m, 2H), 2.30-2.17 (m, 1H), 2.09-1.84 (m, 4H),
1.78-1.68 (m, 1H), 1.52-1.35 (m, 2H).
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Chapter 4:Anodic Couplings of Carboxylic
Acids to Electron-rich Olefins and the
Importance of the Second Oxidation
4.1 Kolbe Decarboxylation versus Lactone Formation
The Kolbe electrolysis is a well-studied electrochemical oxidation reaction.1,2 This reaction
involves anodic oxidation of a carboxylate anion to a carboxyl radical followed by
decarboxylation to form an alkyl radical which is terminated with another radical in the reaction
(Scheme 4-1). The Kolbe electrolysis has been used extensively to form dimers (Scheme 4-1a)3
and in some cases to trigger intramolecular cyclizations (Scheme 4-1b).4-6
Scheme 4-1. The Kolbe electrolysis.

One could envision a case where, instead of Kolbe-like decarboxylation, an oxidized
carboxylic acid substrate could react intramolecularly with an olefin to form a lactone (Scheme
4-2). Attempts at such cyclizations were previously avoided by our group, assuming that the
well-known Kolbe decarboxylation would compete with lactone formation. In fact, an amide –
based alternative to avoid the use of an acid in electrolysis reactions had been developed with
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this in mind.7 However, the rate at which anodic couplings involving heteroatoms were leading
to cyclization and the presence of several limited examples from the literature of coupling of
aromatic rings with carboxylic acids suggested that such lactone forming reactions may indeed
be capable of outcompeting decarboxylation.
The above-mentioned lactone formation could occur via three different possible mechanisms.
In the first, the carboxylate would be oxidized at the anode to form a carboxy radical, which
could then undergo intramolecular radical cyclization to the olefin to form the lactone ring. In
the second, a radical cation at the olefin could be formed via electron transfer to the carboxy
radical and a subsequent cyclization between the carboxylate and radical cation would form the
lactone ring. In the final case, the initial oxidation could occur at the olefin rather than the
carboxylate, leading to coupling between the radical cation and carboxylate as in the electron
transfer case.
Scheme 4-2. Intramolecular anodic coupling of a carboxylic acid and olefin.

Initial studies of these couplings reactions sought to determine if anodic oxidative coupling
between carboxylic acids and electron-rich olefins to form lactones could indeed outcompete
Kolbe decarboxylation and to study the mechanism by which these reactions proceed.
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4.2 Initial Cyclization Studies
Initial studies to determine if lactone formation via anodic coupling between a carboxylic acid
and electron-rich olefin was possible despite the possibility of Kolbe decarboxylation were
carried out by Dr. Hai-Chao Xu. These studies began with attempts to cyclize carboxylic acids
onto ketene dithioacetals 4.1a-c (Table 4-1).8
The anodic oxidation of 4.1a gave five-membered ring lactone product with lithium
methoxide or 2,6-lutidine as a base. Importantly, a Kolbe-like decarboxylation of the carboxylate
anion didn’t interfere with lactone formation. In these cases, cyclic voltammetry data suggested
that the initial oxidation occurred at the ketene dithioacetal. The oxidation potential (Ep/2) for
4.1a was measured to be +0.68 V vs. Ag/AgCl. This value is much lower than that of both a 10undecenoic acid reference with a measured oxidation potention of +1.91 V vs. Ag/AgCl in DMF
solvent and +1.85 V vs. Ag/AgCl in acetonitrile (Note: these oxidation potentials were measured
in both acetonitrile and DMF due to low solubility of substrate in initial experiments with
acetonitrile) and the parent dithioketene acetal (+1.06 V vs. Ag/AgCl). When 0.5 equivalents of
benzyltrimethlammonium hydroxide was added to the cyclic voltammetry solutions in order to
generate the carboxylate and mimic the preparative oxidation conditions used for the reaction
originating from 4.1a, the oxidation potential of the 10-undecenoic acid fell to +1.36-1.40 V vs.
Ag/AgCl for the DMF solution and +1.38 V vs. Ag/AgCl for the acetonitrile solution. Clearly,
forming the carboxylate significantly lowered the oxidation potential of the acid moiety,
however it did not lower it close to the oxidation potential measured for either substrate 4-1a or
the parent dithioketene acetal. Hence, the oxidation potential measured for 4-1a is most
consistent with a fast cyclization originating from oxidation of the the group having the lowest
oxidation potential (the ketene dithioacetal) in this case . Fast cyclization reactions are known to
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lower the oxidation potential of ketene dithioacetals. Hence, the oxidation potential of 4.1a
(+0.68 V) compared to that of a typical ketene dithioacetal (+1.06 V) indicates that this
cyclization to form a lactone is fast on the CV time scale, happening at or near the electrode
surface.4
Table 4-1. Anodic coupling of carboxylic acids to ketene dithioacetals.

Substrate

n

4.1a

1

4.1a

1

4.1b

2

4.1b

2

4.1c

3

4.1c

3

Ep/2a

+0.68 V

+0.71 V

+1.06V

Base

% Yield

(0.5 equiv)

(4.2)

LiOMe

87

2,6-lutidine

74

LiOMe

0b

2,6-lutidine

72

LiOMe

0c

2,6-lutidine

0

a) Cyclic voltammetry data was obtained relative to a Ag/AgCl reference electrode with a sweep rate of 50 mV/s b)
87% of a ring opened methyl ester (4-3b) was obtained. c) 30% of the ring opened methyl ester (4-3c) was obtained.

Lactone formation starting from 4.1b to form a 6-membered ring also proceeded nicely.
However, it should be noted that use of 2,6-lutidine as the base in this case gave predominantly
lactone 4.2b, use of LiOMe as the base gave 4.3b, presumably obtained from ring opening of the

105

initially formed lactone by the nucleophilic methoxide. Again, the low oxidation potential of 41b suggests a fast cyclization that initiates via oxidation of the ketene dithioacetal.
The anodic coupling of carboxylic acids with a vinylsulfide and an enol ether moieties were
also carried out (Table 4.2). Both cases produced good yields of lactone product. The oxidation
potential for the vinyl sulfide is +1.08 V vs. Ag/ AgCl and the oxidation potential of the enol
ether is +1.18 vs. Ag/AgCl.5 Both oxidation potentials are lower than that of a carboxylate,
suggesting that both reactions proceed, again, through the olefinic radical cation. Even with
oxidation potentials closer to that of a carboxylate, which would increase the possibility of
electron-transfer and equilibrium between radical-cation and carboxy-radical, no evidence for
decarboxylation was observed.
Table 4-2. Extension of carboxylic acid couplings with electron-rich olefins to vinyl sulfides and
enol ethers.

Substrate

-X

% Yield

4.4a

-SMe

74

4.4b

-OMe

66

With the ketene dithioacetal, vinyl sulfide, and enol ether substrates, it appeared that the
initial oxidation occured at the electron-rich olefin rather than the carboxylate. At this point,
when I began work on this project, we wondered how the reaction might change if the olefin had
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a higher oxidation potential and if in those cases Kolbe decarboxylation would begin to compete
with cyclization.

4.3 Anodic Coupling of Carboxylic Acids to Styrenes
For my studies of these carboxylic acid coupling reactions, attention was turned to studying a
series of styrene derivatives, where the styrenes would have higher oxidation potentials than a
carboxylate. In these cases, presumably, initial oxidation would occur at the carboxylate,
forming a carboxy-radical, rather than at the olefin.
The first substrate tested was a simple, unsubstituted styrene derivative 4.6a. Initial attempts
at lactone formation with this substrate proved unsuccessful, with only a 15% maximum yield of
latone 4.6a achieved when passing the theoretical 2 F/mol of charge (Table 4-3). Furthermore,
mass balance for the reaction was low. Our initial hypothesis was that, with the oxidation
initiating on the carboxylate and forming a carboxy-radical, decarboxylation was the major
reaction pathway leading to decomposition of the subsequent radical intermediate.
Table 4-3. Extension to styrene trapping groups.

substrate

n

Ep./2a

4.6a

1

+1.52 V

Base/Temp

F/mol

% Yield

2

15

10

27

0.5 equiv.
LiOMe/ RT
4.6a

1

+1.52 V

0.5 equiv.
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LiOMe/ RT
None/
4.6a

1

+1.52 V

10

33

NA

NA

40 oC
4.6b

3

NAb

+1.73 V

a) Conditions: Substrates were dissolved in acetonitrile to a concentration of 0.025 M in a solution that was 0.1 M in
tetraethylammonium tosylate. Cyclic voltammetry was performed at a sweep rate of 50 mV/s using a platinum
anode. Half-wave oxidation potentials were measured versus a Ag/AgCl reference electrode. B) Not Applicable.

Acidification and re-extraction of the aqueous layer from the initial oxidation workout,
however, revealed the true nature of the low yield. The aqueous layers contained a significant
amount of the water soluble acid starting material. The presence of recovered starting material in
an electrolysis reaction is indicative of either one of two problems. First, it is possible that, due
to poor solubility of the oxidation substrate in the double layer near the surface of the electrode,
the substrate never reaches the anode and is never oxidized. In this case, the passing of current
results from the oxidation of solvent, despite its higher oxidation potential than that of the
designed oxidation substrate. In a second case, the substrate oxidation may proceed smoothly,
however due to the formation of a stable radical species the oxidized substrate is long-lived
enough to migrate to the cathode of an undivided electrolysis cell and be reduced back to starting
material.
A simple experiment to determine which of these situations was relevant was performed by
carrying out the reaction in a divided electrolysis cell. In this case, the electrolysis substrate is
confined to the anodic chamber and, thus, cannot migrate to the cathode. If the substrate is not
being efficiently oxidized over the course of the passing of 2 F/mol, then the divided cell
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reaction would return substantial amounts of starting material. However, if the substrate is being
oxidized and then reduced after migration to the cathode, then the divided cell reaction would
likely return decomposition products as the reactive species post anodic oxidation would
eventually decompose if product isn’t formed. This second case is what was observed for the
electrolysis of 4.6a in a divided cell. The substrate was indeed being oxidized.
Thus, it seemed that the recovered starting material from the undivided cell electrolysis did
indeed result from migration of the oxidized substrate to the cathode and subsequent rereduction. The measured oxidation potential of 4.6a (+1.52 V) versus the longer alkyl chain
substrate 4.6b (+1.73V) indicates a fast cyclization reaction following oxidation of 4.6a (Scheme
4.3). This suggested that the oxidation of the substrate and the subsequent cyclization proceed
well. Hence, the resulting stabilized intermediate must be migrating to the cathode. The
intermediate being reduced is either the cyclic radical or an equilibrium mixture of the cyclic
radical and the initial radical cation (Scheme 4-3). Most likely, the neighboring phenyl ring
stabilizes the radical and slows the second oxidation.
One could imagine that, since the stabilized radical intermediate was getting re-reduced at the
cathode, the reaction could be pushed to completion by simply passing more charge through the
system. Indeed, passing 10 F/mol of charge through the electrolysis reaction led to full
consumption of starting material, however only a maximum of 33% yield of lactone product
could be isolated (Table 4-3). This was not too surprising, as every time the substrate cycles
between anode and cathode some percentage of it is lost to decomposition or polymerization.
Following enough cycles, only about a third of the material makes it to product while the rest is
eaten up by these other unwanted pathways.
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Scheme 4-3. Anodic coupling of a carboxylate to a styrene with a slow second oxidation.

Clearly, passing excess charge is not ideal for solving these poor reactions. Attention was
then turned to both trying to raise the yield of intramolecular acid-styrene anodic couplings,
while also confirming that the problem was indeed a slow second oxidation caused by a stable
radical intermediate. To address these ideas, a series of methoxy-substituted styrene substrates
were synthesized and tested (Table 4-4). Substrate 4.8a introduces a p-methoxy substituent to aid
the removal of a second electron from cyclic radical intermediate 4.10a. Indeed, the reactions of
4.8a proceeded better than the oxidative cyclizations of 4.5, giving a more reasonable yield of
56% and complete consumption of the starting material after 2 F/mol of current had been passed.
In this case, the reaction benefited from less basic reaction conditions and slightly elevated
temperatures. When more basic reaction conditions were used, an overoxidized product derived
from the elimination of the lactone ester to form a methoxy-styrene from product 4.9a was
obtained. When less basic conditions were used the yield of the cyclization was improved to
76%. The lower oxidation potential measured for 4.8a relative to that measured for 4.8b, its
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seven-membered ring analogue, was again consistent with a fast initial cyclization. Hence, we
believe that the primary advantage of the methoxy group is to aid the second electron oxidation,
rather than merely stabilizing an olefinic radical cation via a more electron-rich aromatic ring.
To demonstrate this, the position of the methoxy group on the ring was systematically
changed (Table 4-4). Cyclic radical 4.10e, arising from the reaction of the m-methoxy substituted
styrene 4.8e, would not be expected to oxidize as readily as radical 4.10a (Scheme 4-4). Indeed,
the anodic oxidation of 4.8e gave low yields and poor current efficiency, mirroring the results
obtained from the oxidation of unsubstituted styrene 4.5. As with other substrates, the oxidation
potential of 4.8e was lower than that of its seven-memebered ring analogue 4.8d, indicating a
fast cyclization. Hence, the poor yield obtained from the oxidation of 4.8e was not due to a
problem with the cyclization step.
Table 4-4. Effect of methoxy substituents on anodic couplings of carboxylic acids with styrenes.

Substrate

R

n

Ep./2a

4.8a

4-OMe

1

+1.31 V

Base/Temp

F/mol

% Yield

2

56

2

76

0.5 equiv.
LiOMe/ RT
None/
4.8a

4-OMe

1

+1.31 V
40 oC

4.8b

4-OMe

3

+1.42 V

NA

NA

NA

4.8c

2-OMe

1

+1.39c V

0.5 equiv.

2

48

111

LiOMe/ RT
None/
4.8c

2-OMe

1

+1.39c V

2

59

NA

NA

2

4 (NMR)

10

35

10

23

NA

NA

2

48

2

45

2

74

NA

NA

40 oC
4.8d

2-OMe

3

+1.39c V

NA
0.5 equiv.

4.8e

3-OMe

1

c

+1.42 V
LiOMe/ RT
0.5 equiv.

4.8e

3-OMe

1

+1.42c V
LiOMe/ RT
None/

4.8e

3-OMe

1

+1.42c V
40 oC

4.8f

3-OMe

3

+1.50 V

4.8g

2,4-OMe

1

+1.09 V

NA
0.5 equiv.
LiOMe/ RT
None/

4.8g

2,4-OMe

1

+1.09 V
40 oC
1.0 equiv.

4.8g

2,4-OMe

1

+1.09 V
LiOMe/ RT

4.8h

2,4-OMe

3

+1.11 V

NA

a) Conditions: Substrates were dissolved in acetonitrile to a concentration of 0.025 M in a solution that was 0.1 M in
tetraethylammonium tosylate. Cyclic voltammetry was performed at a sweep rate of 50 mV/s using a platinum
anode. Half-wave oxidation potentials were measured versus a Ag/AgCl reference electrode. b) Not Applicable. c)
Lithium perchlorate was used as the electrolyte.
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Scheme 4.4. Predicted relative rates of single-electron oxidation based on resonance stabilization
of the resulting cation.

Good yields and efficient consumption of starting material were regained upon moving the
methoxy group to the ortho position (4.8e). The m-substituted and o-substituted styrenes have
nearly identical oxidation potentials, yet yield completely different results, again supporting the
idea that it is the ability of the radical intermediate to be oxidized that drives the reaction with
methoxy substitutents in the ortho- and para- positions rather than just the electron-richness of
the aromatic ring.
Interestingly, 4.8c showed no oxidation potential drop relative to its long-chain counterpart,
4.8d. Clearly, the cyclization resulting from the oxidation of this longer chain substrate is slower.
The relatively low oxidation potentials for 4.8c and 4.8d (as well as the potentials measured for
4.8g and 4.8h) may be due to an interaction between the o-methoxy substituent and the radicalcation (Figure 4.1). Such a stabilizing interaction could lower the oxidation potential of the
olefin.
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Figure 4.1. Radical cation stabilization by an o-methoxy substituent.

We also investigated the reactivity of the o,p-dimethoxy-substituted styrene 4.8g in the anodic
coupling reaction (Table 4-4). This substrate also led to a good yield of lactone product and
efficient consumption of the starting material. Surprisingly, the optimized conditions for the
oxidation of 4.8g were different from those optimized for the oxidation of either 4.8c or 4.8e.
The cyclization of 4.8g instead benefited from the use of more base. It is possible that the base
reduced the formation of a quinone methide from the product, which is more likely to form with
both the ortho- and para-methoxy groups present. When a full equivalent of base was used for
the reaction, the desired product was obtained in a much improved 74% isolated yield.
It should be noted that the anodic couplings of carboxylic acids to styrenes described above
are not the only cases where the rate of the second oxidization was observed to dictate the
success of the reaction. Anodic couplings of alcohols with styrenes to form C-glyosides, studied
by Dr. Jake Smith, show very similar behavior (Table 5-5).9 These cases again showed that the
unsubstituted styrene led to low yields of cyclized product with large amounts of recovered
starting material. The yield was greatly improved with para- and ortho-methoxy substituents
with the meta-methoxy subsitutent being less effective in direct parallel to the studies described
above. The problem of a slow second oxidation with styrenes as coupling partners, then, seems
likely to be general.
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Table 4-5. . Effect of methoxy substituents on anodic coupling of alcohols with styrenes in Cglycoside synthesis (work by Dr. Jake Smith).

% Yield (% recovered
R

Ep/2
starting material)

H

+1.34 V

22 (60)

p-OMe

+1.16 V

84 (0)

m-OMe

+1.20 V

48 (27)

o-OMe

+1.20 V

70 (17)

4.4 Conclusions
In summary, carboxylic acid nucleophiles can be coupled to electron-rich olefins to form
lactone products in good yield with little not no competitive Kolbe-like decarboxylation
reactions. These reactions and depend strongly on the ease with which the second oxidation step
in the mechanism occurs. This is particularly true when styrene-based substrates are used. From
these experiments and those with similar substrates performed simultaneously by other group
members, an extremely important lesson was learned; when optimizing an anodic olefin coupling
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reaction, attention must be given not only to the initial oxidation and cyclization, but also the
second oxidation step.
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4.6 Experimental
General Procedure for Electrolysis Reactions
Lithium methoxide (1.0 M in methanol, 0 to 1.0 equivalents, see text) was added to either a
methanol or 30% methanol / tetrahydrofuran solution of substrate (0.03 M, 1 equivalent) and the
electrolyte tetraethylammonium p-toluenesulfonate in a three-neck round bottom ask at room
temperature under argon atmosphere. Two of the three septa were replaced by a reticulated
vitreous carbon anode (100 PPI) and a platinum wire cathode. The electrolysis was performed at
a constant current of 6 mA. When complete, the reaction was concentrated in vacuo, then water
and diethyl ether were added. The water layer was separated and extracted three times with ether
and the organic washes combined, dried over sodium sulfate, and concentrated in vacuo. The
residue was then chromatographed through a silica gel column (slurry packed with 1%
triethylamine using in ether/hexane eluent) to give the desired product.
Alternatively, once the reaction is complete, the solvent may be removed in vacuo to give a
crude residue deposited onto the electrolyte tetraethylammonium p-toluenesulfonate. This may
then be chromatographed in the same manner as described above.

Cyclic Voltammetry Experiments
A solution of the substrate (0.025 M) and tetraethylammonium tosylate (0.1 M) in the necessary
solvent (noted in the text) was prepared. Cyclic voltammetry was performed with a sweep rate of
50 mV/s, with the sweep beginning in the positive direction. The half-wave oxidation potentials
(Ep/2) were measured from the resulting oxidation curve.
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Characterization of Compounds
Compounds 4.1 - 4.5 were previously synthesized and characterized by Dr. Hai-Chao Xu and Dr.
John M. Campbell. For data on these compounds, see reference 7.

(4E)-5-phenylpent-4-enoic acid (4.6a): To a solution of (3carboxypropyl)triphenylphosphonium bromide (1.9 g, 4.5 mmol, 1.1 eq.) in THF (20 ml) was
added dropwise a solution of NaHMDS (1.0 M in THF, 9.0 ml, 9.0 mmol, 2.2 eq.) at 0 ⁰C. The
solution was stirred for 30 min, then cooled to -78 ⁰C. Benzaldehyde (0.42 ml, 4.2 mmol, 1 eq.)
was then added dropwise. The reaction was allowed to warm to rt overnight. Water and ether
were added. The water layer was separated and acidified with 1 M HCl to pH = 1, then extracted
twice with ethyl acetate. The combined organic layers were dried over Na2SO4, filtered and
concentrated in vacuo. The crude product was chromatographed on silica gel (3:1 ether:hexanes)
to give 0.70 g of product (95%) as a white solid. 1H NMR (300 MHz, CDCl3) δ 7.37-7.18 (m,
5H), 6.45 (d, J = 15.6 Hz, 1H), 6.27-6.17 (m, 1H), 2.56-2.53 (m, 4H); 13C NMR (75 MHz,
CDCl3) δ 179.8, 137.5, 131.5, 128.8, 128.2, 127.5, 126.4, 34.1, 28.1; IR (neat, KBr) 3024, 2356,
1694 cm-1; ESI HRMS m/z (M+H)+ calcd 177.0910, obsd 177.0910.

5-[methoxy(phenyl)methyl]dihydrofuran-2(3H)-one (4.7a): Isolated as two separate
diastereomers in a 1:1 ratio.

118

Diastereomer 1:
1

H NMR (300 MHz, CDCl3) δ 7.45-7.28 (m, 5H), 4.59 (ddd, J = 7.8, 4.8, 3.3 Hz, 1H), 4.48 (d,

3.3 Hz, 1H), 3.33 (s, 3H), 2.64-2.46 (m, 1H), 2.45-2.21 (m, 2H), 2.09-1.93 (m, 1H);13C NMR
(150 MHz, CDCl3) δ 177.6, 136.7, 128.7, 128.3, 126.9, 84.1, 82.7, 57.7, 28.4, 21.4; IR (neat,
KBr) 2933, 2360, 2341, 1777 cm-1; ESI HRMS m/z (M+H)+ calcd 207.1016, obsd 207.1016.

Diastereomer 2:
1

H NMR (300 MHz, CDCl3) δ 7.49-7.28 (m, 5H), 4.67 (dt, Jd = 5.7 Hz, Jt = 6.9 Hz, 1H), 4.25 (d,

J = 5.7 Hz), 3.31 (s, 3H), 2.46-2.15 (m, 2H), 2.05-1.94 (m, 2H);13C NMR (75 MHz, CDCl3) δ
177.0, 136.4, 128.7, 128.6, 127.6, 85.0, 81.9, 57.2, 28.2, 24.0; IR (neat, KBr) 2938, 2360, 2341,
1777 cm-1; ESI HRMS m/z (M+H)+ calcd 207.1016, obsd 207.1016.

(4E)-5-(4-methoxyphenyl)pent-4-enoic acid (4.8a): To a solution of (3carboxypropyl)triphenylphosphonium bromide (1.1 g, 2.5 mmol, 1.2 eq.) in THF (10 ml) was
added dropwise a solution of NaHMDS (1.0 M in THF, 5.0 ml, 5.0 mmol, 2.4 eq.) at 0 ⁰C. The
solution was stirred for 30 min, then cooled to -78 ⁰C. P-anisaldehyde (0.25 ml, 2.0 mmol, 1 eq.)
was then added dropwise. The reaction was allowed to warm to rt overnight. Water and ether
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were added. The water layer was separated and acidified with 1 M HCl to pH = 1, then extracted
twice with ethyl acetate. The combined organic layers were dried over Na2SO4, filtered and
concentrated in vacuo. The crude product was chromatographed on silica gel (1:1→ 5:1
ether:hexanes) to give 0.31 g of product (73%) as a white solid. 1H NMR (300 MHz, CDCl3) δ
7.27 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.39 (d, J = 15.9 Hz, 1H), 6.13-6.00 (m, 1H),
3.80 (s, 3H), 2.55-2.50 (m, 4H); 13C NMR (75 MHz, CDCl3) δ 179.5, 159.1, 130.8, 130.3, 127.4,
126.0, 114.1, 55.5, 34.1, 28.1; IR (neat, KBr) 2932, 2358, 2340, 1694, 1606 cm-1; ESI HRMS
m/z (M+H)+ calcd 207.1016, obsd 207.1016.

5-[methoxy(4-methoxyphenyl)methyl]dihydrofuran-2(3H)-one (4.9a): Isolated as a 2:1
mixture of diastereomers. 1H NMR (300 MHz, CDCl3) δ 7.30-7.21 (m, 2H), 6.96-6.87 (m, 2H),
4.65 (dt, Jd = 5.7, Jt = 7.0 Hz, 0.7H), 4.57 (ddd, J = 8.4, 4.8, 3.6 Hz, 0.3H), 4.41 (d, J = 3.6 Hz,
0.3H), 4.20 (d, J = 5.7 Hz, 0.7H), 3.82 (s, 3H), 3.30 (s, 1H), 3.28 (s, 2H), 2.59-2.19 (m, 2H),
2.12-1.92 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 177.7, 177.3, 160.0, 159.7, 128.9, 128.4, 128.3,
114.3, 114.2, 84.7, 83.9, 82.9, 82.2, 57.6, 57.0, 55.4, 28.5, 28.3, 24.2, 21.7; IR (neat, KBr) 2937,
1778, 1611, 1584, 1513 cm-1; ESI HRMS m/z (M+H)+ calcd 237.1121, obsd 237.1122.
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(4E)-5-(3-methoxyphenyl)pent-4-enoic acid (4.8c): To a solution of (3carboxypropyl)triphenylphosphonium bromide (2.0 g, 4.8 mmol, 1.1 eq.) in THF (20 ml) was
added dropwise a solution of LHMDS (1.0 M in THF, 9.5 ml, 9.5 mmol, 2.2 eq.) at 0 ⁰C. The
solution was stirred for 30 min, then cooled to -78 ⁰C. M-anisaldehyde (0.54 ml, 4.4 mmol, 1
eq.) was then added dropwise. The reaction was allowed to warm to rt overnight. Water and
ether were added. The water layer was separated and acidified with 1 M HCl to pH = 1, then
extracted twice with ethyl acetate. The combined organic layers were dried over Na2SO4,
filtered and concentrated in vacuo. The crude product was chromatographed on silica gel (3:1
ether:hexanes) to give 0.83 g of product (91%) as a white solid. 1H NMR (300 MHz, CDCl3) δ
7.21 (t, J = 7.9 Hz, 1H), 6.94 (d, J = 7.9 Hz, 1H), 6.88 (s, with fine couplings, 1H), 6.83-6.75 (m,
1H), 6.43 (d, J = 15.6 Hz, 1H), 6.28-6.15 (m, 1H), 3.81 (s, 3H), 2.57-2.53 (m, 4H) ; 13C NMR
(75 MHz, CDCl3) δ 179.6, 159.8, 138.8, 131.1, 129.5, 128.4, 118.8, 112.9, 111.6, 55.2, 33.8,
27.9; IR (neat, KBr) 3026, 2360, 2342, 1707, 1598, 1578 cm-1; ESI HRMS m/z (M+Na)+ calcd
229.0835, obsd 229.0835.

5-[methoxy(3-methoxyphenyl)methyl]dihydrofuran-2(3H)-one (4.9c): Isolated as two
separate diastereomers in a 2:1 ratio.

Major diastereomer:
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1

H NMR (300 MHz, CDCl3) δ 7.34-7.25 (m, 1H), 6.96-6.83 (m, 3H), 4.66 (dt, Jd = 6.0 Hz, Jt =

6.9 Hz, 1H), 4.22 (d, J = 5.7 Hz, 1H), 3.82 (s, 3H), 3.31 (s, 3H), 2.46-2.15 (m, 2H), 2.07-1.93 (m,
2H); 13C NMR (150 MHz, CDCl3) δ 177.0, 159.9, 138.0, 129.7, 119.9, 114.0, 113.0, 85.0, 81.9,
57.2, 55.3, 28.2, 24.1; IR (neat, KBr) 2938, 2360, 2341, 1775, 1600, 1585 cm-1; ESI HRMS m/z
(M+H)+ calcd 237.1121, obsd 237.1122.

Minor diastereomer:
1

H NMR (300 MHz, CDCl3) δ 7.34-7.27 (m, 1H), 6.97-6.81 (m, 3H), 4.60 (ddd, J = 8.1, 4.8, 3.0

Hz, 1H), 4.46 (d, J = 3.3 Hz), 3.83 (s, 3H), 3.34 (s, 3H), 2.64-2.21 (m, 3H), 2.12-1.94 (m, 1H);
13

C NMR (150 MHz, CDCl3) δ 177.6, 160.0, 138.4, 129.8, 119.2, 113.5, 112.4, 84.0, 82.6, 57.8,

55.3, 28.4, 21.4; IR (neat, KBr) 2938, 2360, 2341, 1777, 1601, 1586 cm-1; ESI HRMS m/z
(M+H)+ calcd 237.1121, obsd 237.1122.

(4E)-5-(2-methoxyphenyl)pent-4-enoic acid (4.8d): To a solution of (3carboxypropyl)triphenylphosphonium bromide (2.0 g, 4.8 mmol, 1.1 eq.) in THF (20 ml) was
added dropwise a solution of NaHMDS (1.0 M in THF, 9.5 ml, 9.5 mmol, 2.2 eq.) at 0 ⁰C. The
solution was stirred for 30 min, then cooled to -78 ⁰C. A solution of o-anisaldehyde (0.60 g, 4.4
mmol, 1 eq.) in THF (2 ml) was then added dropwise. The reaction was allowed to warm to rt
overnight. Water and ether were added. The water layer was separated and acidified with 1 M
HCl to pH = 1, then extracted twice with ethyl acetate. The combined organic layers were dried
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over Na2SO4, filtered and concentrated in vacuo. The crude product was chromatographed on
silica gel (2:1 ether:hexanes) to give 0.55 g of product (60%) as a white solid. 1H NMR (300
MHz, CDCl3) δ 7.40 (dd, J = 7.7, 1.7 Hz, 1H), 7.20 (ddd, J = 8.4, 7.7, 1.5 Hz, 1H), 6.90 (t, with
fine couplings, J = 7.7 Hz, 1H), 6.85 (dd, J = 8.4, 0.9 Hz, 1H), 6.77 (d, J = 16.2 Hz, 1H), 6.276.13 (m, 1H), 3.84 (s, 3H), 2.59-2.54 (m, 4H); 13C NMR (75 MHz, CDCl3) δ 180.0, 156.5, 128.7,
128.3, 126.7, 126.4, 126.0, 120.7, 110.9, 55.5, 34.0, 28.4; IR (neat, KBr) 3034, 2341, 2360,
1706, 1596 cm-1; ESI HRMS m/z (M+Na)+ calcd 229.0835, obsd 229.0835.

7-(2-methoxyphenyl)hept-6-enoic acid (4.8e): To a solution of (5carboxypentyl)triphenylphosphonium bromide (0.57 g, 1.2 mmol, 1.2 eq.) in THF (6 ml) was
added dropwise a solution of NaHMDS (1.0 M in THF, 2.5 ml, 2.5 mmol, 2.5 eq.) at 0 ⁰C. The
solution was stirred for 30 min, then cooled to -78 ⁰C. A solution of o-anisaldehyde (0.14 g, 1.0
mmol, 1 eq.) in THF (3 mL) was then added dropwise. The reaction was allowed to warm to rt
overnight. Water and ether were added. The water layer was separated and acidified with 1 M
HCl to pH = 1, then extracted twice with ethyl acetate. The combined organic layers were dried
over Na2SO4, filtered and concentrated in vacuo. The crude product was chromatographed on
silica gel (2:1 ether:hexanes) to give 0.20 g of product (82%) as a colorless oil. 1H NMR (300
MHz, CDCl3) δ 7.41 (dd, J = 7.5, 1.8 Hz, 0.4H), 7.27-7.14 (m, 1.6H), 6.96-6.82 (m, 2H), 6.71 (d,
J = 15.9 Hz, 0.4H), 6.53 (d, J = 11.7 Hz, 0.6H), 6.19 (dt, Jd =15.9, Jt = 6.9 Hz, 0.4H), 5.70 (dt, Jd
= 11.7, Jt = 7.2 Hz, 0.6H), 3.84 (s, 1.2H), 3.83 (s, 1.8 H), 2.44-2.20 (m, 4H), 1.77-1.60 (m, 2H),
1.60-1.41 (m, 2H) ; 13C NMR (75 MHz, CDCl3) δ 180.63, 180.59, 157.1, 156.4, 132.3, 131.1,
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130.1, 128.3, 128.1, 126.9, 126.53, 126.45, 124.9, 124.8, 120.8, 120.2, 110.9, 110.5, 55.57,
55.54, 34.14, 34.07, 33.2, 29.4, 29.0, 28.4, 24.5, 24.4; IR (neat, KBr) 2936, 2673, 1707, 1597,
1578 cm-1; ESI HRMS m/z (M+Na)+ calcd 257.1148, obsd 257.1143.

5-[methoxy(2-methoxyphenyl)methyl]dihydrofuran-2(3H)-one (4.9e): Isolated as two
separate diastereomers in a 2:1 ratio.

Major diastereomer:
1

H NMR (300 MHz, CDCl3) δ 7.39 (dd, J = 7.4, 1.5 Hz, 1H), 7.30 (ddd, J = 8.4, 7.4, 2.1 Hz,

1H), 7.00 (td, Jt = 7.5 Hz, Jd = 0.6 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 4.75-4.62 (m, 2H), 3.84 (s,
3H), 3.28 (s, 3H), 2.65-2.50 (m, 1H), 2.48-2.34 (m, 1H), 2.18-1.97 (m, 2H) ; 13C NMR (75 MHz,
CDCl3) δ 177.7, 157.4, 129.4, 128.2, 125.2, 121.2, 110.6, 82.4, 78.9, 57.5, 55.6, 28.7, 24.3; IR
(neat, KBr) 2938, 1776, 1600, 1588 cm-1; ESI HRMS m/z (M+H)+ calcd 237.1121, obsd
237.1122.

Minor diastereomer:
1

H NMR (300 MHz, CDCl3) δ 7.38 (dd, J = 7.5, 1.8 Hz, 1H), 7.34-7.27 (m, 1H), 7.01 (t, J = 7.5

Hz, 1H), 6.89 (d, J = 8.1 Hz, 1H), 4.94 (d, J = 2.4 Hz, 1H), 4.71 (ddd, J = 8.4, 4.5, 2.4 Hz, 1H),
3.84 (s, 3H), 3.33 (s, 3H), 2.63 (ddd, J = 17.7, 9.6, 8.0 Hz, 1H), 2.43-2.16 (m, 2H), 1.96-1.80 (m,
1H); 13C NMR (150 MHz, CDCl3) δ 178.1, 156.8, 129.0, 126.8, 124.6, 120.7, 110.2, 80.8, 78.6,
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57.9, 55.2, 28.6, 20.8; IR (neat, KBr) 2939, 2360, 2342, 1776, 1601, 1588 cm-1; ESI HRMS m/z
(M+H)+ calcd 237.1121, obsd 237.1122.

7-(3-methoxyphenyl)hept-6-enoic acid (4.8f): To a solution of (5carboxypentyl)triphenylphosphonium bromide (0.58 g, 1.3 mmol, 1.2 eq.) in THF (6 ml) was
added dropwise a solution of NaHMDS (1.0 M in THF, 2.5 ml, 2.5 mmol, 2.3 eq.) at 0 ⁰C. The
solution was stirred for 30 min, then cooled to -78 ⁰C. M-anisaldehyde (0.13 ml, 1.1 mmol, 1
eq.) was then added dropwise. The reaction was allowed to warm to rt overnight. Water and
ether were added. The water layer was separated and acidified with 1 M HCl to pH = 1, then
extracted twice with ethyl acetate. The combined organic layers were dried over Na2SO4,
filtered and concentrated in vacuo. The crude product was chromatographed on silica gel (2:1
ether:hexanes) to give 0.23 g of product (92%) as a colorless oil. 1H NMR (300 MHz, CDCl3) δ
7.21 (dt, Jd = 12.6, Jt = 7.8 Hz, 1H), 6.96-6.71 (m, 3H), 6.39 (d, J = 11.4 Hz, 0.5H), 6.35 (d, J =
15.6 Hz, 0.5H), 6.18 (dt, Jd = 15.6, Jt = 6.9 Hz, 0.5H), 5.63 (dt, Jd = 11.4 Hz, Jt = 7.2 Hz, 0.5H),
3.78 (s, 3H), 2.43-2.29 (m, 3H), 2.22 (q, J = 6.6 Hz, 1H), 1.75-1.59 (m, 2H), 1.57-1.42 (m, 2H);
13

C NMR (75 MHz, CDCl3) δ 180.60, 180.56, 159.9, 159.5, 139.3, 139.1, 132.7, 130.7, 130.3,

129.6, 129.3, 129.2, 121.4, 118.8, 114.5, 112.7, 112.2, 111.4, 55.3, 34.1, 34.0, 32.7, 29.4, 28.8,
28.4, 24.4, 24.3; IR (neat, KBr) 2938, 2673, 2360, 2343, 1705, 1598, 1578 cm-1; ESI HRMS m/z
(M+H)+ calcd 235.1329, obsd 235.1325.
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(4E)-5-(2,4-dimethoxyphenyl)pent-4-enoic acid (4.8g): To a solution of (3carboxypropyl)triphenylphosphonium bromide (2.1 g, 4.9 mmol, 1.2 eq.) in THF (20 ml) was
added dropwise a solution of NaHMDS (1.0 M in THF, 9.7 ml, 9.7 mmol, 2.4 eq.) at 0 ⁰C. The
solution was stirred for 30 min, then cooled to -78 ⁰C. A solution of 2,4-dimethoxybenzaldehyde
(0.73 g, 4.0 mmol, 1 eq.) in THF (3 ml) was then added dropwise. The reaction was allowed to
warm to rt overnight. Water and ether were added. The water layer was separated and acidified
with 1 M HCl to pH = 1, then extracted twice with ethyl acetate. The combined organic layers
were dried over Na2SO4, filtered and concentrated in vacuo. The crude product was
chromatographed on silica gel (3:1 ether:hexanes) to give 0.67 g of product (70%) as a white
solid. 1H NMR (300 MHz, CDCl3) δ 7.31 (d, J = 8.1 Hz, 1H), 6.67 (d, J = 16.2 Hz, 1H), 6.496.41 (m, 2H), 6.15-6.02 (m, 1H), 3.82 (s, 3H), 3.80 (s, 3H), 2.56-2.51 (m, 4H); 13C NMR (75
MHz, CDCl3) δ 179.7, 160.1, 157.5, 127.3, 126.5, 125.5, 119.4 104.8, 98.4, 55.4, 55.3, 34.2,
28.4; IR (neat, KBr) 2995, 2361, 1705, 1610, 1578, 1503 cm-1; ESI HRMS m/z (M+Na)+ calcd
259.0941, obsd 259.0941.

5-[(2,4-dimethoxyphenyl)(methoxy)methyl]dihydrofuran-2(3H)-one (4.9g): Isolated as two
separate diastereomers in a 2:1 ratio.
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Major diastereomer:
1

H NMR (300 MHz, CDCl3) δ 7.28 (d, J = 8.4 Hz, 1H), 6.53 (dd, J = 8.4, 2.4 Hz, 1H), 6.47 (d,

2.4 Hz, 1H), 4.72-4.57 (m, 2H), 3.82 (s, 3H), 3.81 (s, 3H), 2.64-2.32 (m, 2H), 2.14-1.96 (m, 2H);
13

C NMR (75 MHz, CDCl3) δ 177.6, 160.9, 158.5, 128.9, 117.4, 104.5, 98.4, 82.7, 78.8, 57.1,

55.53, 55.51, 28.6, 24.2; IR (neat, KBr) 2939, 2359, 1776, 1611, 1588, 1506 cm-1; ESI HRMS
m/z (M+Na)+ calcd 289.1046 , obsd 289.1045.

Minor diastereomer:
1

H NMR (300 MHz, CDCl3) δ 7.27 (d, J = 8.4 Hz, 1H), 6.53 (dd, J = 8.4, 2.4 Hz, 1H), 6.46 (d, J

= 2.4 Hz, 1H), 4.85, (d, J = 2.7 Hz, 1H), 4.71-4.62 (m, 1H), 3.82 (s, 3H), 3.81 (s, 3H), 3.31 (s,
3H), 2.60 (ddd, J = 17.7, 10.2, 7.8 Hz, 1H), 2.43-2.16 (m, 2H), 1.99-1.82 (m, 1H) ;13C NMR (75
MHz, CDCl3) δ 178.3, 160.9, 158.1, 127.9, 117.0, 104.5, 98.6, 81.3, 78.6, 57.9, 55.5, 28.8, 21.1 ;
IR (neat, KBr) 2939, 1775, 1612, 1588, 1505 cm-1; ESI HRMS m/z (M+Na)+ calcd 289.1046 ,
obsd 289.1046.

7-(2,4-dimethoxyphenyl)hept-6-enoic acid (4.8h): To a solution of (5carboxypentyl)triphenylphosphonium bromide (0.57 g, 1.2 mmol, 1.1 eq.) in THF (6 ml) was
added dropwise a solution of NaHMDS (1.0 M in THF, 2.5 ml, 2.5 mmol, 2.4 eq.) at 0 ⁰C. The
solution was stirred for 30 min, then cooled to -78 ⁰C. A solution of 2,4-dimethoxybenzaldehyde
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(0.175 g, 1.05 mmol, 1 eq.) in THF (2 mL) was then added dropwise. The reaction was allowed
to warm to rt overnight. Water and ether were added. The water layer was separated and
acidified with 1 M HCl to pH = 1, then extracted twice with ethyl acetate. The combined organic
layers were dried over Na2SO4, filtered and concentrated in vacuo. The crude product was
chromatographed on silica gel (2:1 ether:hexanes) to give product (0.220 g, 0.83 mmol) in 79%
yield as an oily solid. 1H NMR (300 MHz, CDCl3) δ 7.31 (d, J = 8.1 Hz, 0.6H), 7.13 (d, J = 9.0
Hz, 0.4H), 6.61 (d, J = 15.9 Hz, 0.6H), 6.51-6.40 (m, 2.4H), 6.07 (dt, Jd = 15.9, Jt = 6.9 Hz,
0.6H), 5.62 (dt, Jd = 11.4, Jt = 7.2 Hz, 0.4H), 3.82 (s, 3H), 3.80 (s, 3H), 2.36 (tt, J = 7.8 Hz, 2H),
2.30-2.18 (m, 2H), 1.78-1.60 (m, 2H), 1.58-1.41 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 180.58,
180.53, 160.0, 158.2, 157.4, 131.1, 130.4, 129.0, 127.2, 124.6, 124.3, 120.0, 119.3, 104.8, 103.8,
98.53, 98.47, 55.6, 55.5, 34.14, 34.07, 33.2, 29.4, 29.1, 28.4, 24.5, 24.4; IR (neat, KBr) 2937,
2666, 2343, 2362, 1707, 1608, 1578 cm-1; ESI HRMS m/z (M+H)+ calcd 287.1254, obsd
287.1251.
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Chapter 5:Lignin as a Sustainable Feedstock
for Synthetic Building Blocks
5.1 Introduction
The electrochemical oxidation reactions discussed in the previous chapters provide not only
unique opportunities for bond formation, but also demonstrate a movement toward greener,
chemical oxidant-free chemistry.1 The potentially greener electrochemistry itself, however, does
not provide a full picture; in taking a green approach to chemical synthesis one must consider not
just sustainable factors of the reactions themselves but also of the starting materials employed.
To this end, we are interested in the role electrochemical reactions can play in developing
sustainable routes to synthetic platform chemicals.
Most chemical building blocks are currently obtained via fossil fuels and the petroleum
industry, a less than sustainable approach to obtaining fine chemical building blocks. This is
especially true for synthetic building blocks that contain electron-rich aromatic rings. Such
electron-rich aromatic motifs form the core of many natural product ring scaffolds, however they
are not found in petroleum at all.
Lignin, a biopolymer that makes up 15-30% of dry weight woody biomass, is comprised
largely of electron-rich aromatics.2 As such, it would appear to be an ideal source for aryl-based
synthetic building blocks. Due to the structural uniqueness and availability of lignin, many
research efforts are currently underway in the chemical community in disassembling lignin into
smaller compounds. While attention seems to be focused on breaking down lignin into smaller
monomer units, little work has been done to actually obtain pure monomers from lignin and then
convert these monomers into value-added products. With this goal in mind, we sought to
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convert lignin-derived monomers obtained directly from raw wood into synthetic products that
will demonstrate lignin’s viability as a sustainable chemical feedstock.

5.2 Structure and Disassembly of Lignin
5.2.1 Structural Motifs in Lignin
The majority of the lignin biopolymer is composed of three “monolingol” monomers: pcoumaryl alcohol, coniferyl alcohol, and sinapyl alcohol (Figure 5-1). These electron –rich
aromatic motifs are incorporated into the inhomogenous structural polymer, with different
relative amounts being included based on the identity of the particular lignin plant source.
Figure 5-1. Lignin Structure.

With lignin being a biological source of these electron-rich aromatic rings, it is no surprise
that many biologically active core structures of natural products contain similar electron-rich
aromatic motifs, such as those shown in Figure 5-2. Note that the structures contain not only the
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core hydroxyl- or alkoxy-substitued aromatic rings, but also the carbon chains branching off
these aromatic rings. Hence, the side-chains could also originate from the lignin monomer.
Figure 5-2. Aromatic electron-rich natural product scaffolds.

5.2.2 Disassembly of Lignin into Monomers for Synthetic Processing
Extensive efforts are currently underway in the community to disassemble lignin into smaller
monomers. These efforts have employed a wide variety of techniques, including reductive
methods3, oxidative methods4, redox neutral methods5, and solvolytic approaches. Many of
these approaches have shown success on model systems for lignin, though few actually break
down natural lignin itself. Furthermore, these methods often lead to complex mixtures of
aromatic substrates that give no reasonable yield of any single lignin-derived monomer and
require difficult separations to isolate.
In contrast, efforts by former Moeller group members Dr. Bichlien Nguyen and Dr. Jake
Smith have demonstrated that the direct methanolysis of sawdust in a pressure reactor can allow
for selective extraction of aldehyde or cinnamyl ether derivatives from the wood.6 In these
experiments, birch sawdust was washed with 2:1 benzene:ethanol in a Soxhlet extractor to
remove oils from the wood. The sawdust was then heated in a pressure reactor with methanol,
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followed by a very simple column filtration to isolate the small molecule solvolysis products
(Figure 5-3). At higher temperature and pressure (155⁰C, 17 atm), syringealdehyde (1) was
obtained in 1% yield by mass from the raw sawdust, or approximately 5% from the estimated
lignin content of the sawdust.6 At lower temperature and pressure (114⁰C, 5 atm), the methyl
ether of sinapyl alcohol (2) and the methyl ether of coniferyl alcohol (3) were obtained in 0.6%
yield by mass from the raw sawdust, or about 3% from the lignin content.
Figure 5-3. Isolated solvolysis products from birch sawdust.

Alternatively (Figure 5-4), switching to cedar sawdust as the lignin source gave vanillin and
its corresponding methyl ester (1.4% from wood by mass, 7% from lignin) and the methyl ether
of coniferyl alcohol at lower temperature and pressure (1.4% from wood by mass, 7% from
lignin in a 1:1.3 ratio). No syringealdehyde or methyl ether of sinapyl alcohol was obtained with
the cedar sawdust, in contrast to the sovolysis of the birch sawdust. Thus, the selectively of the
process with the cedar mirrored that of the birch, however the different lignin sources led to
products with different levels of aryl ring oxidation.
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Figure 5-4. Isolated solvolysis products from cedar sawdust.

These results suggested that a target-driven approach to obtaining electron-rich aromatic
monomers directly from sawdust for further processing was viable. For example, if
syringealdehyde was a desired starting material for a synthetic sequence, then birch sawdust
could be solvolyzed at higher temperature and pressure to selectively extract it. If a coniferyl
alcohol moiety with its styrene-based alkyl chain was desired for a synthesis, lower temperature
and pressure could be employed. If different oxidation levels of the aryl ring were desired for a
particular synthesis, the type of wood used could be changed.
Following the demonstration of this method to directly obtain electron-rich aromatic building
blocks from sawdust, focus was shifted to processing these lignin-derived monomers into valueadded synthetic building blocks or natural product scaffolds.

5.3 Processing Lignin-Derived Monomers into Synthetic
Building Blocks
With this in mind, processing of syringealdehyde (1) and methyl ether of sinapyl alcohol (2)
into larger synthetic building blocks was performed. A select few of these compounds were
ultimately further elaborated into benzodiazepine, indenone, and anthroquinone core scaffolds.
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5.3.1 Small Molecule Building Blocks Derived from Syringealdehyde
The first synthetic diversification reactions were carried out using syringealdehyde (1). The
effort was started by phenolic –OH of 1 with a methyl group in order to avoid difficulties with
chromatographing an acidic, unprotected –OH in subsequent steps. Protection with a pivoyl
group was also tested, however hydrolysis back to the phenol during subsequent synthetic steps
proved troublesome. The methyl group is a reasonable protecting group here, because it can be
later be selectively removed with trimethysilyl iodide.
Scheme 5-1. Synthetic manipulation of syringealdehyde.

With the phenol protected, 6 was converted to 8 via a homologation sequence. The additional
carbon was introduced by making epoxide 7 with trimethyl sulfonium iodide, followed by Lewis
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acid catalyst rearrangement of the epoxide to aldehyde 8. Initially, this rearrangement was
attempted with BF3-Et2O as the Lewis acid, however such conditions produced a significant
amount of polymer and a maximum of ~50% yield. Attempts to utilize milder conditions with
heterogenous catalysts, including Amberlyst 15 and silica gel, proved unsuccessful, with
conversion being slow and producing polymer in amounts similar to that with BF3-Et2O.
Catalytic Sc(OTf)3 in CH2Cl2 however showed excellent selectivity for producing the desired
aldehyde 8 cleanly and in a high 82% yield.
Note that the above-described homologation sequence allows for quick construction of an
electron-rich aromatic substrate from lignin with a 2-carbon side chain. Substrates with 1-carbon
side chains (compounds 1,4,5) and 3-carbon side chains (compounds 2 and 3) can be obtained
directly from the lignin in raw wood. Thus, with this simple sequence, carbon side chain lengths
for lignin-derived electron-rich aromatic substrates of lengths 1 through 3 can all be obtained.
Aldehyde 8 was then converted amine 9 via a reductive amination. Attempts at this reductive
amination with sodium cyanoborohydride and sodium triacetoxyborohydride, traditional reagents
for this reagents, failed and instead let to decomposition of starting material. Ultimately, the
reaction was carried out successfully by first converting the aldehyde completely to the imine
with Ti(iOPr)4 in-situ followed by reduction with sodium borohydride, producing amine product
in 46% yield. Aldehyde 8 and amine 9 form the base building blocks for producing isoquinoline
alkaloid ring-systems (Scheme 5-2).
Aldehyde 6 was also used as a building block for creating electron-rich aniline derivatives. 6
was oxidized to acid 10 using hydrogen peroxide-urea complex in 72% yield. Compound 10 was
then converted to the Boc-protected trimethoxyaniline 11 via a Curtius rearrangement in 67%
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yield. This aniline was later used in the synthesis of a benzodiazepine ring system (See Section
5.4.2).
Scheme 5-2. Isoquinoline alkaloid synthesis.

5.3.2 Small Molecule Building Blocks Derived from Cinnamyl Alcohol Methyl Ether
Further synthetic avenues were pursued using the lignin-derived sinapyl alcohol methyl ether
(2). These reactions take advantage of milder solvolysis conditions by leaving the 3-carbon alkyl
chain and styrene functionality intact. As with the syringealdehye, the phenolic -OH was
protected as a methoxy-group (12) to avoid reaction and purification difficulties in subsequent
steps.
The first attempted transformation was to take advantage of the cinammyl styrene moiety
already in place to make a simple electron-rich aromatic styrene. Such styrenes can potentially
serve as monomers for the synthesis of electron-rich polystyrenes. With this in mind, 12 was
converted to trimethoxy-styrene 13 via olefin metathesis with ethylene gas. The best yields were
obtained with Grubbs’ 2nd generation catalyst and using THF as the solvent, and highest
conversions were obtained by pre-saturating the catalyst with bubbled ethylene before addition to
the metathesis substrate. The styrene was obtained in 34% with 50% recovered starting material.
Though the yield of the reaction remains low, the mass balance is quite high and the reaction
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demonstrates the ease with which simple electron-rich styrenes can be obtained from ligninderived monomers.
Scheme 5-3. Synthetic manipulation of sinapyl alcohol methyl ether.

Attempts were then made to convert the methyl ether 12 into alcohol 17. This alcohol could
be a valuable synthetic intermediate. However, solvolysis of the lignin in methanol only yielded
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the methyl ether, potentially by the mechanism proposed in Scheme 5-4. The same liquid
solvolysis conditions in water solvent did not yield isolable lignin monomer products. Initially,
conversion of 12 to 17 was attempted via exchange of methanol for water in the presence of acid.
After testing a wide range of Lewis acids and various co-solvents and temperatures, 17 was
never obtained and only recovered starting material or complete decomposition were observed.
As a workaround, attempts shifted to directly oxidizing methyl ether 12 to the cinnamic aldehyde
14 or cinnamic acid 15. After testing an array of oxidants, both with and without water present,
results were finally obtained with DDQ in CH2Cl2, producing the aldehyde 14 cleanly in 76%
yield. Aldehyde 14 was then converted into the carboxylic acid 15 via a Pinnick oxidation (83%
yield) as well as into sinapyl alcohol 17 with a sodium borohydride reduction (84% yield).
Scheme 5-4. Proposed mechanism of solvolytic cleavage of lignin to methyl ether.
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Finally, acid 15 was hydrogenated with palladium on carbon to to 16 to be used in
construction of an indenone ring system (See Section 5.4.1) and alcohol 17 was converted into
19 and 22 to be used as substrates for oxidative olefin coupling reactions (See Section 5.3.3).
The synthesis of 19 and 22 from 17 was performed by Dr. Bichlien Nguyen, and more details
can be found in her thesis.
5.3.3 Electrochemical Processing of Lignin-Derived Substrates
Of the reactions illustrated in Schemes 5-2 and 5-3, a large majority of them involve
oxidation or reduction chemistry. This comes as no surprise, as redox reactions are
indispensable tools for synthetic chemists. However, again looking towards improving the
sustainability of both synthetic feedstocks and synthetic reactions, we attempted to further
demonstrate the utility of electrochemistry as a greener method of redox reactions using ligninderived materials as substrates.
The reactions shown in this section were performed by Dr. Bichlien Nguyen. More details may
be found in her thesis, however her work deserves mention here in the context of performing
greener synthesis with lignin as a renewable feedstock.
First, benzimidazoles and benzathiazoles were synthesized directly from lignin-derived
monomers obtained from solvolysis of sawdust using an indirect electrochemical oxidation
(Scheme 5-5). Benzimidazoles and benzthiazoles are priveledged structures used in the
development of a variety of medicinally active compounds.7 An oxidative condensation was
performed between syringealdehyde 1 and either a diamine or amino thiol with ceric ammonium
nitrate being used as a catalytic oxidant by recycling it electrochemically at an anode.
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Scheme 5-5. Benzimidazole and benzothiazole synthesis with electrochemically recycled CAN.

Next, direct electrochemical oxidations were performed using lignin-derived styrene substrates
19 and 22 (Scheme 5-6). Acyclic alcohol 19 was converted via direct electrochemical oxidation
into an aryl-substituted tetrahydrofuran derivative 25. This reaction illustrated the utility of the
lignin-derived styrene functionality as an initiating group for oxidative cyclizations. The second
reaction shown used enol ether 22 as a direct electrolysis substrate for construct bicyclic
aldehyde 26. This reaction sets the stage for further synthetic transformations that could lead to
the construction of polycyclic ring systems, such and anthraquinone derivatives (See section
5.4.3).
It should also be noted that using electrochemistry as a method for processing of ligninderived materials is not limited to oxidations. In Scheme 5-7, compound 15 was hydrogenated
using hydrogen gas that was produced via the reduction of methanol at a cathode. This hydrogen
gas was cannulated over to a separate flask containing palladium on carbon and 15 in methanol
and ethyl acetate, leading to the hydrogenation of 15 in high yield. Note that the hydrogen gas is

176

always formed from the reduction of methanol. This is true for oxidations like those shown in
Scheme 5-6 and for every previous oxidation presented in this thesis. Thus, rather than wasting
the energy used for an electrolysis on the reductive end, the reduction products can be used
productively. The overall approach has broad implications that have led to a larger effort to
improve sustainability of reactions by generating reagents needed for these reactions “on-site,”
thereby avoiding the need to isolate and transport the reagent. In this way, anodic
electrochemistry can both lead to more sustainable oxidation reactions and sustainability gains
for other reactions in a synthetic sequence.
Scheme 5-6. Direct electrochemical cyclizations.

Scheme 5-7. Hydrogenation with electrochemically generated hydrogen gas.
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5.4 Lignin-Based Synthesis of Natural Product Scaffolds
Demonstrating the synthetic transformations that can be performed on lignin-derived
monomers serves no purpose unless these reactions can be applied to molecules of actual
practical significance. The benzimidazoles and benzthiazoles described above are prime
examples of how electron-rich aromatic compounds of biological interest can be built up from
lignin-derived monomers. With this in mind, we sought to synthesize a variety of other
biologically relevant structures from the synthetic substrates constructed from the lignin-derived
monomers.
5.4.1 Indanone Synthesis
The first natural product scaffold pursued was that of indanones. Scheme 5-8 shows a route
from the lignin-derived sinapyl methyl ether derivative 12 to indanone 27. Intramolecular
cylization substrate 16 was synthesized as previously described. Friedel-Crafts-type chemistry
was then attempted to cyclize acid 16.
Scheme 5-8. Indanone synthesis.
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Initial attempts at this cyclization proved difficult. The acid chloride produced from 16 was
prone to polymerization, and addition of the traditional Friedel-Crafts Lewis acid catalyst AlCl3
to the already unstable acid chloride only led to immediate polymerization and decomposition
rather than cyclization. Neat polyphosphoric acid (PPA), another common method for cyclizing
acids onto aromatic rings, was then tried, however the viscocity of the PPA made it difficult to
work with, and still only led to polymerization and decomposition of the substrate. An
alternative to PPA was then tried using methanesulfonic acid and phosphorous pentoxide. These
reaction conditions led to cyclized indenone 27 in 73% yield.
This completed synthesis provided another example that lignin-derived monomers could
indeed be transformed into common natural product scaffolds. Furthermore, it should be noted
that the number of carbons in the alkyl chain of the lignin-derived starting material is the same as
that in the product. Most lignin disassembly strategies target aryl aldehydes, removing most of
these alkyl chain carbons. Using solvolysis conditions that led to this chain remaining intact
allowed for the subsequent synthetic sequence to be formed without re-introducing new carbons
as would be necessary if starting from a benzaldehyde derivative.
5.4.2 Dibenzodiazepine Synthesis
The next molecular scaffold constructed from lignin-derived monomers was that of a
dibenzodiazepine (Scheme 5-9) . Boc-protect aniline 12, synthesized from syringealdehyde 1,
was mono-brominated using N-bromo succinimide to give 28. The tri-alkoxy aromatic ring
proved to be electron-rich enough that the bromination proceeded well at room temperature
without the need for any Lewis acid additive to aid the electrophilic aromatic substitution
reaction.
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Scheme 5-9. Dibenzodiazepine synthesis.

Compound 28 was then coupling to methyl 2-aminobenzoate. Initial coupling conditions
employed were those performed by Buchwald and coworkers in similar dibenzodiazepine
syntheses.8 These conditions used Pd2dba3 and BrettPhos as the ligand, and gave coupled product
29 in 31% yield. Changing to bis(diphenylphosphino)ferrocine as the ligand gave no product,
though starting material was still entirely consumed. Finally, changing to an even bulkier ligand,
5-[Di(-adamantyl)phosphino]-1',3',5'-triphenyl-1'H-[1,4']bipyrazole, gave a much higher
coupling yield of 58%.
The Boc group was then removed with trifluoroacetic acid. We had hoped that the
deprotected amine would spontaneously cyclize onto the ester, however this proved not to be the
case, perhaps because the acidic deprotection conditions protonated the amine and removed its
nucleophilicity. Instead, the neturalized crude amine was heated in toluene to afford
dibenzodiazepine 30 in 75% yield over the two steps.
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5.4.3. Anthroquinone Synthesis
As a final demonstration of the utility of lignin-derived monomers in the construction of
medicinally relevant ring skeletons, anthroquinine 33 was synthesized (Scheme 5-10). Cyclic
aldehyde 26 was synthesized as previously described, with the direct electrochemical oxidation
to form the ring. The aldehyde was then oxidized to acid 31 using a Pinnick oxidation, which
throughout these synthetic undertakings has proven to be a reliable method for oxidizing
aldehydes to acids. The acid was then cyclized to form phenol 32 in 36% yield, followed by
CAN oxidation to the anthroquinone 33 in about 32 % yield. The last two steps of this synthesis
were quite low yielding, and 33 was not isolated completely pure. While these yields remain
unoptimized, the goal of demonstrating that anthroquinone ring systems could be constructed
from lignin-derived monomers was indeed successful, as was the overall effort to demonstrate
that synthetic intermediates could be derived from lignin.
Scheme 5-10. Anthraquinone synthesis.
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At this point, the effort was dropped in order to focus on the future electrochemical
efforts to develop more sustainable reactions.

5.5 Conclusions
We have demonstrated that lignin biopolymer obtained directly from the solvolysis of raw
sawdust can serve as a source of electron-rich aryl ring containing synthetic substrates.
Furthermore, several natural product ring scaffolds were constructed from these substrates.
Many of the highlighted transformations involve redox chemistry, and electrochemistry appears
to have a significant have a role to play in performing such redox reactions in a sustainable way.
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5.7 Experimental

3,4,5-Trimethoxybenzaldehyde (6): To a solution of syringealdehyde (1.140 g, 6.3 mmol) and
KOH (0.70 g, 12.5 mmol) in DMSO (8 mL) and THF (4 mL) was added methyl iodide (0.78 mL,
12.5 mmol). The reaction was stirred overnight, then diluted and washed with water. The
aqueous wash was extracted with ethyl acetate. The organic layers were washed with water and
brine, dried over Na2SO4, and concentrated in vacuo. The crude product was purified by silica
gel column chromatography (1:1 hexanes:ether) to afford product (0.835 g, 4.3 mmol) in 65%
yield as a white solid. Spectral data matched that previously reported in the literature.
Xiao, J.; Wang, J-.M.; Zhang, Y.; Chen, Z.; Zhu, Y-.M.; Ji, S-.J. Org. Lett. 2014, 16(13), 3492.

2-(3,4,5-Trimethoxyphenyl)oxirane (7): To a solid mixture of trimethylsulfonium iodide (4.0 g,
20 mmol) and NaH (60% in mineral oil, 0.80 g, 20 mmol) was added DMSO (6.5 mL) followed
by THF (4.5 mL). The solution was stirred for 30 min at room temperature. 6 (2.08 g, 10.6
mmol) was then added in portions over 15 min. The reaction was stirred overnight, then
quenched with water. The layers were separated, and the aqueous layer extracted with ethyl
acetate. The combined organic layers were then washed with brine, dried over Na2SO4, and
concentrated in vacuo. The crude product was purified by silica gel column chromatraphy (slurry
packed using 1% triethylamine in 2:1 hexanes:ether) to give epoxide product (1.88 g, 8.9 mmol)
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in 84% yield as a white solid, mp 53-55⁰C. 1H NMR (300 MHz, CDCl3): 6.52 (s, 2H), 3.86 (s,
6H), 3.84 (s, 3H), 3.82 (m, 1H), 3.12 (dd, J = 5.7, 3.9 Hz, 1H), 2.76 (dd, J = 5.7, 2.4 Hz, 1H);
13

C NMR (75 MHz, CDCl3): 153.3, 137.5, 133.3, 102.0, 60.5, 55.8, 52.3, 51.0; IR (neat, KBr)

3051, 2941, 2831, 2629, 2250, 2005, 1592cm-1;HRMS (ESI/TOF-Q) m/z:[M + H]+ Cald for
C11H14O4H 211.0965; Found 211.0966.

(3,4,5-Trimethoxyphenyl)acetaldehyde (8): To a solution of 7 (0.187 g, 0.89 mmol) in CH2Cl2
(9 mL) was added Sc(OTf)3 (40 mg). The reaction was stirred at room temperature for 1 hour,
after which water was added. The layers were separated and the aqueous layer extracted with
dichloromethane. The combined organic layers were then washed with brine, dried over
Na2SO4, and concentrated in vacuo. The crude product was purified via silica gel
chromatography (1:1 hexanes:ethyl acetate) to give aldehyde product (0.153 g, 0.73 mmol) in
82% yield as a yellow oil. 1H NMR (300 MHz, CDCl3): 9.74 (t, J = 2.5 Hz, 1H), 6.42 (s, 2H),
3.86 (s, 6H), 3.85 (s, 3H), 3.62 (d, J = 2.5 Hz, 2H);

13

C NMR (75 MHz, CDCl3): 199.1, 153.5,

137.1, 127.3, 106.4, 60.7, 56.0, 50.7; IR (neat, KBr) 2940, 2839, 1722, 1590, 1508, 1460, 1423
cm-1; HRMS (ESI/TOF-Q) m/z:[M+H]+ Cald for C11H14O4H 211.0965; Found 211.0969.

N-methyl-2-(3,4,5-trimethoxyphenyl)ethanamine (9): To a solution of 8 (0.272 g, 1.3 mmol)
in methanol (1.4 mL) was added 33% methyl amine in ethanol (0.49 mL, 3.9 mmol) and
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Ti(OiPr)4 (0.47 mL, 1.7 mmol) and stirred 5 hrs at room temperature. NaBH4 (0.049g, 1.3
mmol) was then added at 0⁰C, then stirred at room temperature for 2 hrs. The reaction was
quench with water and filtered through celite with dichloromethane. The layers were separated,
and the aqueous layer extracted with dichloromethane. The organic washes were dried over
Na2SO4 and a small amount of activated carbon added. This solution was then filtered to give 9
(0.128 g, 0.57 mmol) in 44% yield. Spectral data matched that previously reported in the
literature.

Schrittwieser, J.H.; Resch, V.; Sattler, J.H.; Lienhart, W.D.; Durchschein, K.; Winkler,
A.; Gruber, K.; Macheroux, P.; Kroutil, W. Angew. Chem. Int. Ed. 2011, 50, 1068–1071.

3,4,5-Trimethoxybenzoic acid (10): To a solution of 6 (0.527 g, 2.69 mmol), 1:1 H2O2-urea
complex (3.7 g, 39 mmol) in MeOH (14 mL) was added 6 M NaOH (1 mL). The solution was
refluxed for 1 hr, followed by addition of more H2O2-urea complex (0.80 g, 8.5 mmol). The
reaction was refluxed for 1 hr, then cooled to room temperature. The pH of the solution was
adjusted to pH = 2 using 1 M HCl, then extracted with ethyl acetate. The organic layers were
then washed with brine, dried over Na2SO4, and concentrated in vacuo. The crude product was
purified via silica gel chromatography (gradient 1:1 to 3:1 ethyl acetate:hexanes) to give acid
product (0.412 g, 1.9 mmol) in 72% yield as a white solid. Spectral data matched that previously
reported in the literature.
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Terazzi, E.; Torelli, S.; Bernardinelli, G.; Rivera, J-.P.; Benech, J-.M.; Bourgogne, C.; Donnio,
B.; Guillon, D.; Imbert, D.; Buenzli, J-.C.G.; Pinto, A.; Jeannerat, D.; Piguet, C. J. Am. Chem.
Soc. 2005, 127(3), 888.

Tert-butyl(3,4,5-trimethoxyphenyl)carbamate (11): To a solution of 9 (0.178 g, 0.84 mmol) in
DMF (0.7 mL) was added diphenyl phosphoryl azide (0.26 mL, 1.2 mmol). The solution was
cooled to 0⁰C followed by addition of triethylamine (0.18 mL, 1.3 mmol). The reaction was then
stirred at room temperature for 1 hr. Tert-butyl alcohol (1.2 mL, 12.5 mmol) was then added and
the solution heated to 90⁰C for 5 hrs. The reaction was then cooled to room temperature. The
tert-butyl alcohol was removed in vacuo and the remaining residue diluted with water and brine.
The aqueous solution was extracted with CH2Cl2. The organic layers were dried over Na2SO4
and the solvent removed in vacuo (using high vacuum to remove residual DMF). The crude
product was purified via silica gel chromatography (3:1 hexanes:ethyl acetate) to give amide
product (0.159 g, 0.56 mmol) in 67% yield as a white solid, mp 151-153⁰C. 1H NMR (300 MHz,
CDCl3): 6.73 (br s, 1H), 6.64 (s, 2H), 3.77 (s, 6H), 3.76 (m, 3H),1.48 (s, 9H);

13

C NMR (75

MHz, CDCl3): 153.2, 152.8, 134.6, 133.4, 95.9, 60.8, 55.8, 28.2, 22.0; IR (neat, KBr) 3303,
2976, 2938, 1718, 1608, 1508 cm-1;HRMS (ESI/TOF-Q) m/z: [M+H]+ Cald for C14H21NO5H
284.1497; Found 284.1497.
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Methyl(E)-3-(3,4,5-trimethoxyphenyl)acrylate (S1): To solution of NaH (60% in mineral oil,
51 mmol) in THF (110 mL) was added methyl diethyl phosphonoacetate (10.5 mL, 57 mmol)
dropwise at 0⁰C. The mixture was stirred at 0⁰C for 30 min, followed by dropwise addition of a
solution of 7 (4.0 g, 20.3 mmol) in THF (15 mL). The reaction was stirred overnight at room
temperature and was then quenched with water. The aqueous layer was extracted with CH2Cl2,
and the combined organic layers dried over Na2SO4. The solvent was removed in vacuo and the
crude product purified via silica gel chromatography (1:1 hexanes:ether) to give the ester product
(4.69 g, 18.6 mmol) in 92% yield as a white solid. Spectral data matched that previously reported
in the literature.
Janaswamy, R.M.; Geereddy, B.R.; Vidadala, R.S.R.; Puppala, M. PCT Int. Appl. 2011117706,
Sep 29, 2011.

(E)-3-(3,4,5-Trimethoxyphenyl)prop-2-en-1-ol (17): To a solution of 14 (0.100 g, 0.45 mmol)
in MeOH (1 mL) at 0⁰C was added NaBH4 (0.017 g, 0.45 mmol). The solution was stirred at
room temperature for 30 minutes, followed by dilution with acetone, saturated aqueous NH4Cl
and water. This was extracted with ethyl acetate, and the organic layers washed with brine and
dried over Na2SO4. Solvent was removed in vacuo to afford 17 (0.085 g, 0.38 mmol) in 84%
yield as a clear oil.
Alternatively (in order to quickly make bulk amounts of 17 from commercial starting materials):
To a solution of S1 (4.69 g, 18.6 mmol) in CH2Cl2 (120 mL) at 0⁰C was added a solution of
DIBAL-H (1 M in toluene, 47 mL, 47 mmol) dropwise. The reaction was allowed to warm to
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room temperature overnight. The reaction was then quenched with a saturated aqueous solution
of Rochelle salt and stirred until both layers were mostly clear in appearance. The layers were
separated and the aqueous layer extracted with ethyl acetate. The combined organic layers were
washed with brine and dried over Na2SO4. The solvent was removed in vacuo and the crude
product was purified via silica gel chromatography (2:1 ether:hexanes) to give alcohol product
(3.81 g, 17.0 mmol) in 91% yield as a clear oil. Spectral data matched that previously reported in
the literature.
Hattori, M.; Yang, X.W.; Shu, Y.Z.; Kakiuchi, N.; Tezuka, Y.; Kikuchi, T.; Namba, T. Chem.
Pharm. Bull. 1988, 36 (2), 648.

1,2,3-Trimethoxy-5-[(1E)-3-methoxyprop-1-en-1-yl]benzene (12): To a solution of 17 (0.221
g, 0.99 mmol) in THF (5 mL) was added NaH (60% in mineral oil, 80 mg, 2 mmol) slowly. The
solution was stirred for 1 hr at room temperature after which methyl iodide (0.12 mL, 1.9 mmol)
was added dropwise. The reaction was stirred overnight, then quenched with water. The layers
were separated and the aqueous layer extracted with ethyl acetate. The combined organic layers
were washed with brine, dried over Na2SO4, and concentrated in vacuo. The crude product was
purified by silica gel chromatography (1:1 hexanes:ether) to give ether product (0.186 g, 0.78
mmol) in 79% yield as a yellow oil. Spectral data matched that previously reported in the
literature.
Ito, C.; Itoigawa, M.; Otsuka, T.; Tokuda, H.; Nishino, H.; Furukawa, H. J. Nat. Prod. 2000, 63,
1344-1348.
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Tert-butyl (2-bromo-3,4,5-trimethoxyphenyl)carbamate (28): To a solution of 11 (0.045 g,
1.60 mmol) in CH2Cl2 (10.5 mL) was added NBS (0.29 g, 1.6 mmol) at -78⁰C. The reaction was
warmed to 0⁰C and stirred for 1 hr, then warmed to room temperature and stirred 1 hr. The
crude mixture was concentrated onto silica gel in vacuo and purified by silica gel
chromatography (eluting with 5:1 hexanes:ether) to give brominated product (0.580 g, 1.36
mmol) as a colorless oil in 85% yield. 1H NMR (300 MHz, CDCl3): 7.72 (s, 1H), 7.71 (br s, 1H),
3.910 (s, 3H), 3.906 (s, 3H), 3.85 (s, 3 H), 1.55 (s, 9H);

13

C NMR (75 MHz, CDCl3):152.6,

151.9, 150.2, 137.9, 132.2, 99.2, 98.2, 80.2, 60.4, 60.3, 55.4, 27.7; IR (neat, KBr) 2975, 2934,
1730, 1581, 1514 cm-1; HRMS (ESI/TOF-Q) m/z:[M+Na]+ Cald for C14H20BrNO5Na 384.0417,
Found: 384.0400.

Ethyl 2-((6-((tert-butoxycarbonyl)amino)-2,3,4-trimethoxyphenyl)amino)benzoate (29):To a
degassed solution of 28 (0.092 g, 0.2537 mmol), K3PO4 (0.11 g, 0.52 mmol), and ethyl
anthranilate (0.045 mL, 0.30 mmol) in toluene (1.3 mL) was added 5-[Di(1adamantyl)phosphino]-1′,3′,5′-triphenyl-1′H-[1,4′]bipyrazole (0.034 g, 0.051 mmol, 20 mol %)
and Pd2dba3 (0.023 g, 0.025 mmol, 10 mol%). The reaction mixture was heated at 100⁰C
overnight, then cooled to room temperature and filtered through celite with CH2Cl2. The filtered
solution was concentrated in vacuo, then purified via silica gel chromatography (eluting with 5:1
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hexanes:ether) to afford coupled product (0.064 g, 0.147 mmol) in 58% yield as a light yellow
oil. 1H NMR (300 MHz, CDCl3): 8.71 (s, 1H), 8.01 (d, J = 9.0 Hz, 1H), 7.68 (s, 1H), 7.26 (t, J =
9.0 Hz, 1H), 7.06 (s, 1 H), 6.75 (t, J = 9.0 Hz, 1H), 6.37 (d, J = 9.0 Hz, 1H), 4.40 (q, J = 9.0 Hz,
2H), 3.93 (s, 3H, 3.81 (s, 3H), 3.66 (s, 3H), 1.46 (s, 9H), 1.44 (t, J = 9.0 Hz, 3H);

13

C NMR (75

MHz, CDCl3): 168.8, 153.1, 152.7, 151.3, 150.6, 137.8, 134.6, 133.6, 131.5, 117.5, 115.4, 114.3,
112.4, 97.8, 61.4, 60.9, 56.3, 18.5, 14.5; IR (neat, KBr) 3405, 3314, 2977, 2933, 1726, 1682,
1600, 1581, 1518 cm-1; HRMS (ESI/TOF-Q) m/z:[M+H]+ Cald for C23H30N2O7H 447.2126,
Found: 447.2110

6,7,8-Trimethoxy-5,10-dihydro-11H-dibenzo[b,e][1,4]diazepin-11-one (30): To a solution of
29 (37 mg, 0.086 mmol) in CH2Cl2 (1.0 mL) was added trifluoroacetic acid (0.05 mL, 0.65
mmol) dropwise. The solution was stored overnight and the solvent was removed in vacuo.
Toluene (6.0 mL) was then added and the solution refluxed for 2 days. The solvent was removed
in vacuo and the crude material purified via silica gel chromatography (eluting with 3:1 ethyl
acetate:hexanes) to give cyclized product (19 mg, 0.064 mmol) in 75% yield as a light purple
oily solid. . 1H NMR (300 MHz, CDCl3): 8.33 (br s, 1H), 8.20 (dd, J = 7.8, 1.5 Hz, 1H), 7.63 (td,
7.8, 1.5 1H), 6.97 (t, J = 7.2 Hz, 1H), 6.79 (d, J = 8.1 Hz, 1 H), 6.30 (s, 1H), 5.97 (br s, 1H), 3.94
(s, 3H), 3.83 (s, 3H), 3.79 (s, 3H). 13C NMR (75 MHz, CDCl3): 169.4, 150.4, 149.5, 144.0,
139.5, 133.1, 126.8, 123.1, 122.1, 119.5, 100.5, 61.8, 61.3, 56.5; IR (neat, KBr) 2934, 1658,
1604cm-1; HRMS (ESI/TOF-Q) m/z:[M+Na]+ Cald for C16H16N2O4Na 323.1002, Found:
323.0990.
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3,4,5-Trimethoxy styrene (13): A solution of Grubbs 2nd Generation catalyst (23 mg, 8 mol%)
in THF (3.3 mL) was purged with ethylene gas. The catalyst solution was then added to 12
under 1 atm of ethylene. The reaction was stirred at 55⁰C overnight, then cooled to room
temperature and diluted with ether. The solvent was then removed in vacuo and the crude
residue purified by silica gel chromatography (5:1 hexanes:ether) to give styrene product (23 mg,
0.12 mmol) in 34% yield as light brown oil (along with 50% recovered starting material).
Spectral data matched that previously reported in the literature.
Faler, C.A.; Joullie, M.M. Org. Lett. 2007, 9(10), 1987.

3,4,5-Trimethoxy-trans-cinnamaldehyde (14): To a solution of 12 (72 mg, 0.30 mmol) in
CH2Cl2 (6 mL) was added DDQ (70 mg, 0.30 mmol). The reaction was stirred overnight, then
filtered through a pad of celite. The crude product was purified by silica gel chromatography
(2:1 hexanes:ethyl acetate) to give aldehyde product (51 mg, 0.23 mmol) in 76% yield as a
yellow solid. Spectral data matched that previously reported in the literature.
Davis, R.; Kumar, N.S.S.; Abraham, S.; Suresh, C.H.; Rath, N.P.; Tamaoki, N.; Das, S. J. Phys.
Chem. C. 2008, 112(6), 2137.
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3,4,5-Trimethoxy-trans-cinnamic acid (15): To a solution of 14 (0.108 g, 0.48 mmol) in
DMSO (2.8 mL) at 0⁰C was added a solution of NaH2PO4 (58 mg, 0.48 mmol) in water (1 mL)
followed by dropwise addition of a solution of NaOCl2 (0.127 g, 1.1 mmol) in water (1 mL).
The reaction was stirred at room temperature for 23 hours, followed by dilution with water. The
solution was acidified to pH 1 with 1 M HCl, then extracted with ether. The organic washes
were then concentrated in vacuo and the crude product purified via silica gel chromatography
(4:1 ether:hexanes) to give acid product (0.095 g, 0.40 mmol) in 83% yield as a white solid.
Spectral data matched that previously reported in literature.
Sinha, A. K.; Joshi, B. P.; Sharma, A. U.S. Patent 20040118673, Jun 24, 2004.

3-(3,4,5-Trimethoxyphenyl)propanoic acid (16): To solution of 15 (0.520 g, 2.2 mmol) in
MeOH (3 mL) and EtOAc (3 mL) was added Pd/C (10 wt. %, 18 mg). The solution was put
under hydrogen atmosphere and stirred overnight. The solution was then filtered thru a pad of
celite with excess EtOAc and the solvent removed in vacuo to give pure product (0.524 g, 2.2
mmol) in 100% yield as a white solid.
Alternatively, the hydrogen used can be generated electrochemically by the reduction of MeOH.
A RVC anode and Pt cathode were inserted into a solution of 1:1 MeOH and THF (12.5 mL,
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12.5 mL) and 0.1 M LiClO4 (270 mg), and current was passed at 25 mA overnight. The H2 was
transferred continuously via a cannula to a flask containing a solution of 19 (0.090 g, 0.38 mmol)
and Pd/C (10 wt%, 40 mg) in MeOH (4 mL) and EtOAc (4 mL). The resulting solution was
filtered thru a pad of celite with excess EtOAc, followed by a short silica column in EtOAc to
give pure product (0.087 g, 0.36 mmol) in 96% yield as a white solid. Spectral data matched that
previously reported in the literature.
Kang, B-.R; Wang, J.; Li, H.; Li, Y.; Mei, Q-.B.; Zhang, S-.Q. Med. Chem. Res. 2014, 23(3),
1340.

5,6,7-Trimethoxy-2,3-dihydro-1H-inden-1-one (27): To P2O5 (50 mg, 0.18 mmol) was added
methanesulfonic acid (0.33 mL, 5.0 mmol). The mixture was heated at 100⁰C for 30 min,
followed by addition of the saturated acid 16 (97 mg, 0.40 mmol). The solution was then heated
at 100⁰C for 30 min, then cooled to room temperature and quenched with ice water. The
aqueous solution was extracted with dichloromethane, washed with saturated aqueous NaHCO3
and brine, and dried over Na2SO4. The solvent was removed in vacuo and the crude product
purified by silica gel chromatography (2:1 hexanes:ethyl acetate) to give cyclized product (65
mg, 0.29 mmol) in 73% yield as off white crystals. Spectral data matched that previously
reported in the literature.
Kang, B-.R; Wang, J.; Li, H.; Li, Y.; Mei, Q-.B.; Zhang, S-.Q. Med. Chem. Res. 2014, 23(3),
1340.

194

(E)-1,2,3-Trimethoxy-5-(penta-1,4-dien-1-yl)benzene (18): To a solution of 17 (1.978 g, 8.81
mmol) in CH2Cl2 (20 mL) at 0⁰C was added Et3N (1.84 mL, 13.2 mmol). Mesyl chloride (0.82
mL, 10.5 mmol) was added dropwise, and the solution was stirred and warmed slowly to room
temperature over 3 hours. The solution was then diluted with CH2Cl2, washed with 1 M HCl, and
dried over MgSO4. The solvent was removed in vacuo to give crude mesylate. To a solution of
this mesylate in THF at 0⁰C was added vinylmagnesium bromide (1.0 M in THF, 9.6 mL, 9.69
mmol). The solution was stirred overnight and diluted with CH2Cl2, washed with sat. NH4Cl
(aq), and dried over MgSO4. The solvent was removed in vacuo, and the crude product was
purified by silica gel chromatography (1:1 hexanes: diethyl ether) to give pure product (1.089 g,
4.64 mmol) in 53% yield as a colorless oil. 1H NMR (300 MHz, CDCl3): 6.58 (s, 2H), 6.34 (d,
15.8 Hz, 1H), 6.14 (dt, 15.8, 7.0 Hz, 1H), 5.90 (ddt, 16.9, 10.1, 6.4 Hz, 1H), 5.12 (d, 17.0 Hz,
1H), 5.07 (d, 10.0 Hz, 1H), 3.87 (s, 6H), 3.85 (s, 3H), 2.96 (t, 6.2 Hz, 2H) ; 13C NMR (75 MHz,
CDCl3): 153.2, 133.4, 130.7, 127.7, 115.6, 102.9, 60.8, 55.9, 36.9 IR (neat, KBr): 2997, 2938,
2837, 1582, 1507 cm-1; HRMS (ESI/TOF-Q) m/z: [M+H]+ Cald for C14H18O3H 235.1337;
Found 235.1329.

(E)-5-(3,4,5-Trimethoxyphenyl)pent-4-en-1-ol (19): To a solution of 18 (0.264 g, 1.12 mmol)
in THF (10 mL) at -78⁰C was added 9-BBN (0.5 M, 4.4 mL, 2.24 mmol). The solution was
stirred and warmed slowly to room temperature. After 3 hours, the solution was cooled to -78⁰C,
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followed by addition of NaOH (3 M, 1 mL) and H2O2 (30% w/w, 1 mL). The solution was then
allowed to warm to room temperature overnight. The solution was diluted with a sodium
phosphate buffer (pH = 7), extracted with CH2Cl2, and dried over MgSO4. The solvent was
removed in vacuo, and the crude product was purified by silica gel chromatography (2:1 diethyl
ether: hexanes) to give pure product (0.211 g, 0.83 mmol) in 75% yield as a colorless oil. 1H
NMR (300 MHz, CDCl3): 6.57 (s, 2H), 6.35 (d, 15.8 Hz, 1H), 6.15 (dt, 15.8, 7.0 Hz, 1H), 3.87
(s, 6H), 3.84 (s, 3H), 3.72 (t, 6.4 Hz, 2H), 2.31 (q, 7.0 Hz, 2H), 1.76 (quintet, 6.9 Hz, 2H). 13C
NMR (75 MHz, CDCl3): 153.3, 137.2, 133.5, 130.2, 129.7, 102.9, 62.3, 60.9, 56.1, 32.2, 29.3 IR
(neat, KBr) 3400, 2995, 2935, 2839, 1582, 1507 cm-1; HRMS (ESI/TOF-Q) m/z: [3M+Na]+ :
Cald for C42H60O12Na 779.3997; Found 779.3998

2-(methoxy(3,4,5-trimethoxyphenyl)methyl)tetrahydrofuran (25): A 3-neck round bottom
flask was charged with 19 (180 mg, 0.71 mmol), 2,6-lutidine (0.41 mL, 3.55 mmol), and LiClO4
(228 mg, 2.13 mmol) in anhydrous MeOH (12 mL). The flask was capped with a reticulated
vitreous carbon anode and carbon cathode. After 2.2 F/mol was passed at a current of 8 mA, the
solution was diluted with CH2Cl2, washed with 1 M HCl, and dried over MgSO4. The solvent
was removed in vacuo, and the crude product was purified by silica gel chromatography (1:1
hexanes: diethyl ether) to give a major diasteromer (94 mg, 0.33 mmol) in 47% yield and minor
diastereomer (26 mg, 0.09 mmol) in 13% yield, both as colorless oils. 1H NMR (300 MHz,
CDCl3) (major diasteromer): 6.55 (s, 2H), 4.00 (m, 1H), 3.92-3.81 (m, 3H), 3.87 (s, 6H), 3.86 (s,
3H), 3.28 (s, 3H), 1.85-1.75 (m, 2H), 1.66-1.48 (m, 2H).
196

13

C NMR (75 MHz, CDCl3): 153.3,

137.7, 137.5, 134.8, 104.2, 86.9, 82.4, 60.9, 57.0, 56.2, 28.5, 25.7 IR (neat, KBr) 2936, 2873,
1591, 1505 cm-1. HRMS (ESI/TOF-Q) m/z: [M+Na]+ Cald for C15H22O5Na 305.1359; Found
305.1368. 1H NMR (300 MHz, CDCl3) (minor diasteromer): 6.56 (s, 2H), 4.11-3.99 (m, 2H),
3.95-3.73 (m, 2H), 3.87 (s, 6H), 3.85 (s, 3H), 3.28 (s, 3H), 1.93-1.80 (m, 4H); 13C NMR (75
MHz, CDCl3): 153.3, 137.8, 137.4, 135.24, 110.17, 104.24, 86.0, 82.4, 68.8, 60.9, 57.3, 56.2,
27.4, 25.8 IR (neat, KBr) 2939, 2837, 1591, 1505 cm-1; HRMS (ESI/TOF-Q) m/z: [M+Na]+
Cald for C15H22O5Na 305.1359; Found 305.1353.

(E)-5-(Hexa-1,5-dien-1-yl)-1,2,3-trimethoxybenzene (20): To a solution of 17 (2.115 g, 9.43
mmol) in CH2Cl2 (15 mL) at 0⁰C was added Et3N (2 mL, 14.1 mmol). Mesyl chloride (0.87 mL,
11.3 mmol) was added dropwise, and the solution was stirred and warmed slowly to room
temperature over 3 hours. The solution was then diluted with CH2Cl2, washed with 1 M HCl, and
dried over MgSO4. The solvent was removed in vacuo to give crude mesylate. To a solution of
this mesylate in THF at 0⁰C was added allylmagnesium bromide (1.0 M in THF, 10.4 mL, 10.4
mmol). The solution was stirred overnight and diluted with CH2Cl2, washed with sat. NH4Cl
(aq), and dried over MgSO4. The solvent was removed in vacuo, and the crude product was
purified by silica gel chromatography (1:1 hexanes: diethyl ether) to give pure product (0.967 g,
3.89 mmol) in 41% yield as a colorless oil. 1H NMR (300 MHz, CDCl3): 6.57 (s, 2H), 6.34 (d,
16.4 Hz, 1H), 6.15 (dt, 15.8, 7.0 Hz, 1H), 5.87 (ddt, 16.9, 10.6, 6.2 Hz, 1H), 5.07 (d, 15.8 Hz,
1H), 5.00 (d, 10.0 Hz, 1H), 3.88 (s, 6H), 3.84 (s, 3H), 2.31 (q, 7.0 Hz, 2H), 2.24 (dt, 7.0, 6.4 Hz,
2H). ; 13C NMR (75 MHz, CDCl3): 153.2, 138.0, 137.2, 133.5, 130.1, 129.6, 114.9, 102.9, 60.9,
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56.0, 33.5, 32.3; IR (neat, KBr) 2937, 2873, 1591, 1505, 1460, 1419 cm-1; HRMS (ESI/TOF-Q)
m/z: [M+Na]+ Cald for C15H20O3Na271.1305; Found 271.1305.

(E)-6-(3,4,5-Trimethoxyphenyl)hex-5-en-1-ol (21): To a solution of 20 (0.967 g, 3.89 mmol) in
THF (10 mL) at -78⁰C was added 9-BBN (0.5 M, 15.5 mL, 7.78 mmol). The solution was stirred
and warmed slowly to room temperature. After 3 hours, the solution was cooled to -78⁰C,
followed by addition of NaOH (3 M, 3.5 mL) and H2O2 (30% w/w, 3.5 mL). The solution was
then allowed to warm to room temperature overnight. The solution was diluted with a sodium
phosphate buffer (pH = 7), extracted with CH2Cl2, and dried over MgSO4. The solvent was
removed in vacuo, and the crude product was purified by silica gel chromatography (2:1 diethyl
ether: hexanes) to give pure product (0.798 g, 2.99 mmol) in 77% yield as a colorless oil. 1H
NMR (300 MHz, CDCl3): 6.57 (s, 2H), 6.32 (d, 15.8 Hz, 1H), 6.14 (dt, 15.8, 7.0 Hz, 1H), 3.87
(s, 6H), 3.84 (s, 3H), 3.68 (t, 6.4 Hz, 2H), 2.25 (q, 6.6 Hz, 2H), 1.67-1.53 (m, 4H);

13

C NMR

(75 MHz, CDCl3): 152.8, 136.7, 133.3, 129.8, 129.5, 102.5, 61.9, 60.4, 55.5, 32.3, 31.8, 25.2 IR
(neat, KBr) 3408, 2995, 2935, 2838, 1582, 1507, 1458 cm-1; HRMS (ESI/TOF-Q) m/z: [M+H]+
Cald for C15H22O4H267.1591; Found 267.1601.

1,2,3-Trimethoxy-5-((1E)-7-methoxyhepta-1,6-dien-1-yl)benzene (22): To a solution of 21
(0.281 g, 1.05 mmol) in THF (10 mL) was added DMSO (0.94 mL, 12.6 mmol). The solution
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was cooled to -78⁰C, followed by addition of (COCl)2 (0.12 mL, 1.36 mmol). The solution was
warmed gently to between -60⁰C to -50⁰C and stirred for 30 minutes, followed by addition of
Et3N (0.74 mL, 5.25 mmol). The solution was warmed slowly to room temperature, diluted with
diethyl ether, and filtered. The solvent was removed in vacuo leaving roughly 1 mL of crude
aldehyde. To a solution of (methoxymethyl)triphenylphosphonium chloride (0.719 g, 2.10 mmol)
in THF at 0⁰C was added t-BuLi (1.7 M in pentane, 1.23 mL, 2.10 mmol) and stirred for 30
minutes. To this solution was added the crude aldehyde dissolved in THF (5 mL), and the
solution was stirred overnight. The solution was diluted with H2O, extracted with CH2Cl2, and
dried over MgSO4. The solvent was removed in vacuo, and the product was isolated by silica gel
chromatography (2:1 diethyl ether: hexanes) to give a 2:1 (trans:cis) mixture of isomers (0.2142
g, 0.73 mmol) in 70% yield as a yellow oil. 1H NMR (300 MHz, CDCl3): 6.57 (s, 2H), 6.31 (d,
15.2 Hz, 1.7H), 6.17 (q, 7.0 Hz, 0.7 H), 6.11 (q, 7.0 Hz, 0.3H), 5.90 (d, 6.4 Hz, 0.3H), 4.74 (dt,
12.9, 7.0 Hz, 0.7H), 4.36 (q, 7.0 Hz, 0.3H), 3.87 (s, 6.3H), 3.84 (s, 2.7H), 3.59 (s, 0.9H), 3.52 (s,
2.1H), 2.22 (q, 7.0 Hz, 2H), 2.13 (q, 7.0 Hz, 0.6H), 1.99 (q, 7.4 Hz, 1.4H), 1.53 (quintet, 7.6 Hz,
2H); 13C NMR (75 MHz, CDCl3): 153.4, 153.2, 147.3, 146.3,137.6, 137.1, 133.7, 133.6, 130.5,
130.3, 129.9, 129.7, 106.7, 106.4, 102.8, 102.5, 102.1, 60.8, 59.4, 56.0, 55.8, 32.5, 32.2, 30.3,
29.5, 27.2, 23.4 IR (neat, KBr) 2995, 2935, 2837, 1655, 1582, 1507, 1463 cm-1; HRMS
(ESI/TOF-Q) m/z: [M+Na]+ Cald for C17H24O4Na 315.1567; Found 315.1575.

2-(Methoxy(3,4,5-trimethoxyphenyl)methyl)cyclopentane-carbaldehyde (26): A 3-neck
round bottom flask was charged with 22 (93 mg, 0.31 mmol), 2,6-lutidine (0.18 mL, 1.55 mmol),
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and LiClO4 (99 mg, 0.93 mmol) in anhydrous MeOH (8 mL). The flask was capped with a
reticulated vitreous carbon anode and a carbon cathode. After 2.3 F/mol was passed at a current
of 8 mA, the solution was diluted with CH2Cl2, washed with 1 M HCl, and dried over MgSO4.
The product was isolated by silica gel chromatography (1:1 hexanes: diethyl ether) as a 2:2.5:1
mixture of 3 diastereomers (0.060 g, 0.19 mmol) in 62% yield as a yellow oil. 1H NMR (300
MHz, CDCl3): 9.94 (d, 2.3 Hz, 0.34H), 9.64 (d, 2.9 Hz, 0.50H), 9.28 (d, 1.8 Hz, 0.16H), 6.51 (s,
2H), 3.95 (m, 0.16H), 3.88 (s, 3H), 3.87 (s, 3H), 3.86 (s, 3H), 3.82 (m, 0.84H), 3.23 (s, 0.48H),
3.18 (s, 1.50H), 3.08 (s, 1.02H), 2.74 (qd, 8.2, 2.9 Hz, 0.50H), 2.58 (m, 0.66H), 2.45 (quintet, 8.4
Hz, 0.50H), 2.1-1.2 (m, 6.34H).; 13C NMR (75 MHz, CDCl3): 204.0, 203.8, 203.2, 153.34,
153.30, 137.43, 137.40, 136.7, 136.5, 136.2, 104.0, 103.83, 103.78, 88.1, 86.3, 84.6, 60.9, 57.1,
56.7, 56.3, 56.18, 56.17, 56.0, 54.1, 53.3, 51.2, 49.3, 48.7, 48.0, 29.7, 29.6, 29.3, 29.1, 27.0, 26.8,
25.8, 25.2, 25.0, 24.9, 24.2; IR (neat, KBr) 2939, 2872, 2825, 1719, 1592, 1505 cm-1; HRMS
(ESI/TOF-Q) m/z: [M+Na]+ Cald for C17H24O5Na 331.1516; Found 331.1526

4-(1H-Benzo[d]imidazol-2-yl)-2,6-dimethoxyphenol (23): A 3-neck round bottom flask was
charged with o-phenylenediamine (34 mg, 0.31 mmol), 1 (63 mg, 0.34 mmol), ceric ammonium
nitrate (33 mg, 0.06 mmol), and 0.1 M LiClO4 (133 mg) in 5:1 THF:MeOH (12 mL). A RVC
anode and carbon cathode were inserted into the flask, and 2.2 F/mole of charge was passed at 4
mA of current. The solution was diluted with H2O, extracted with EtOAc, and washed with brine
to give a 80% yield (by NMR). The product was isolated by silica gel chromatography (25:1
dichloromethane:methanol) as a light brown solid (53% isolated yield), mp 120-126⁰C. 1H NMR
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(300 MHz, CD3OD): 7.57 (dd, 5.9, 2.9 Hz, 2H), 7.45 (s, 2H), 7.23 (dd, 5.9, 2.9 Hz, 2H), 3.97 (s,
6H); 13C NMR (75 MHz, CD3OD): 153.9, 149.7, 140.1, 139.1, 123.7, 121.3, 115.5, 105.3, 56.9
IR (neat, KBr) 3310, 2957, 2929, 1607, 1503 cm-1; HRMS (ESI/TOF-Q) m/z; [M+H]+ Cald for
C15H14N2O3H 271.1077; Found 271.1084.

4-(Benzo[d]thiazol-2-yl)-2,6-dimethoxyphenol (24): A 3-neck round bottom flask was charged
with 2-aminothiophenol (50 µL, 0.46 mmol), 1 (94 mg, 0.52 mmol), ceric ammonium nitrate (48
mg, 0.08 mmol), 0.1 M LiClO4 (125 mg) in 5:1 THF:MeOH (12 mL). A RVC anode and carbon
cathode were inserted into the flask, and 2.2 F/mole of charge was passed at 4 mA of current.
The solution was diluted with H2O, extracted with EtOAc, and washed with brine to give a 83%
yield (by NMR). The product was isolated by silica gel chromatography (ether) as an reddish
brown solid (59% isolated yield), mp 115-119⁰C. 1H NMR (300 MHz, CD3OD): 7.97 (dd, 8.5,
2.1 Hz, 2H), 7.51 (ddd, 8.2, 7.0, 1.2 Hz, 1H), 7.4 (ddd, 8.2, 7.2, 1.2 Hz, 1H), 7.38 (s, 2H), 3.97
(s, 6H); 13C NMR (75 MHz, CD3OD): 170.3, 154.7, 149.4, 140.1, 135.6, 135.0, 127.4, 126.0,
124.9, 123.0, 122.7, 105.7, 56.8 IR (neat, KBr) 3502, 3400, 3061, 3002, 2961, 2938, 2838,
1608, 1528 cm-1; HRMS (ESI/TOF-Q) m/z: [M+H]+ Cald for C15H13NO3SH 288.0689; Found
288.0689.
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2-[Methoxy(3,4,5-trimethoxyphenyl)methyl]cyclopentanecarboxylic acid (31): To a solution
of 26 (0.042 g, 0.137 mmol) in DMSO was added NaH2PO4 (0.017 g), water (0.6 mL) followed
by slow addition of 80% NaOClO (0.036 g) at 0⁰C. The reaction was stirred overnight, diluted
with water, and acidified to pH 3 with 1 M HCl. The resulting aqueous layer was extracted with
ether. The remaining aqueous layer was further taken to pH 1, and again extracted with ether.
The combined organic washes were dried over Na2SO4 and concentrated in vacuo. The crude
product was purified via silica gel chromatography (2:1 ether:hexanes) to afford acid product
(0.028 g, 0.088 mmol) in 64% yield as a mixture of diasteromers. 1H NMR (300 MHz, CDCl3):
6.53 (s, 0.8H), 6.50 (s, 0.6H), 6.49 (s, 0.6H), 4.11 (d, J = 5.7 Hz, 0.3H), 4.03 (d, J = 10.2 Hz,
0.4H), 3.90 (m, 0.4H), 3.82-3.81 (m, 9H), 3.28 (s, 1.2H), 3.21 (s, 0.9H), 3.09 (s, 0.9H), 2.83-2.61
(m, 0.9H), 2.63-2.34 (m, 1.2H), 2.26-2.07 (m, 0.9H), 2.03-1.75 (m, 1.2H), 1.63-1.15 (m, 3.8H);
13

C NMR (75 MHz, CDCl3): 153.4, 137.8, 135.3, 104.0, 89.3, 60.8, 59.7, 56.2, 50.1, 48.7, 30.5,

30.0, 25.4; IR (neat, KBr) 2941, 1702, 1591 cm-1; HRMS (ESI/TOF-Q) m/z: [M+Na]+ Cald for
C17H24O6Na 357.1465; Found 347.1449.

5,6,7-Trimethoxy-2,3-dihydro-1H-cyclopenta[b]naphthalen-4-ol (32): To P2O5 (9 mg, 0.036
mmol) was added methanesulfonic acid (0.065 mL, 0.99 mmol). The mixture was heated at
100⁰C for 30 min, followed by addition of the acid 31 (14 mg, 0.043 mmol). The solution was
then heated at 100⁰C for 30 min, then cooled to room temperature and quenched with ice water.
The aqueous solution was extracted with dichloromethane, washed with saturated aqueous
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NaHCO3 and brine, and dried over Na2SO4. The solvent was removed in vacuo and the crude
product purified by silica gel chromatography (2:1 hexanes:ether) to give cyclized product (4
mg, 0.015 mmol) in 36% yield. 1H NMR (300 MHz, CDCl3): 9,47 (s, 1H), 7.06 (s, 1H), 6.85 (s,
1H), 3.94 (s, 3H), 3.92 (s, 3H), 2.98 (s, 3H), 2.98 (td, J = 7.2, 3.0 Hz, 4H), 2.11 (quintet, J = 7.2
Hz, 2H); 13C NMR (75 MHz, CDCl3): 151.9, 148.4, 148.2, 145.5, 139.0, 132.4, 124.2, 112.3,
111.5, 103.2, 62.2, 61.2, 55.8, 33.1, 28.7, 25.7; IR (neat, KBr) 3356, 2910, 2849, 1650, 1617,
1585 cm-1; HRMS (ESI/TOF-Q) m/z: [2M+Na]+ Cald for C32H36O8Na 289.2302; Found
571.2323.

5,6,7-trimethoxy-2,3-dihydro-1H-cyclopenta[b]naphthalene-4,9-dione (33): To a solution of
32 in acetonitrile (1.1 mL) and water (0.7 mL) at 0⁰C was added ceric ammonium nitrate (37 mg,
0.068 mmol) in one portion. The reaction was stirred for 2 hrs at 0⁰C. Water and ethyl acetate
was then added, the layers separated, and the aqueous layer extracted with ethyl acetate. The
organic washes were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified via silica gel chromatography (2:1 hexanes:ether) to give 33 with some impurities (3
mg, 0.011 mmol) in approximately 32% yield. 1H NMR (300 MHz, CDCl3): 7.47 (s, 1H), 4.00
(s, 3H), 3.95 (s, 3H), 3.93 (s, 3H), 2.90 (t, J = 7.5 Hz, 4H), 2.06 (quintet, J = 7.5 Hz, 2H); 13C
NMR (75 MHz, CDCl3): IR (neat, KBr) 1655, 1574 cm-1; HRMS (ESI/TOF-Q) m/z: [M+H]+
Cald for C16H16O5H 289.1070; Found 289.1070.

203

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

ppm

235

236

237

238

